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Preface

Rapid technical advances in medical imaging, including its growing application to
drug/gene therapy and invasive/interventional procedures, have attracted significant
interest in close integration of research in life sciences, medicine, physical sciences
and engineering. This is motivated by the clinical and basic science research require-
ment of obtaining more detailed physiological and pathological information about the
body for establishing localized genesis and progression of diseases. Current research
is also motivated by the fact that medical imaging is increasingly moving from a
primarily diagnostic modality towards a therapeutic and interventional aid, driven by
recent advances in minimal-access and robotic-assisted surgery.

It was our great pleasure to welcome the attendees to MIAR 2004, the 2nd Inter-
national Workshop on Medical Imaging and Augmented Reality, held at the Xiang-
shan (Fragrant Hills) Hotel, Beijing, during August 19-20, 2004. The goal of
MIAR 2004 was to bring together researchers in computer vision, graphics, robotics,
and medical imaging to present the state-of-the-art developments in this ever-growing
research area. The meeting consisted of a single track of oral/poster presentations,
with each session led by an invited lecture from our distinguished international fac-
ulty members. For MIAR 2004, we received 93 full submissions, which were subse-
quently reviewed by up to 5 reviewers, resulting in the acceptance of the 41 full pa-
pers included in this volume. For this workshop, we also included 4 papers from the
invited speakers addressing the new advances in MRI, image segmentation for focal
brain lesions, imaging support for minimally invasive procedures, and the future of
robotic surgery.

Running such a workshop requires dedication, and we are grateful for the gener-
ous support from the Chinese Academy of Sciences. We appreciate the commitment
of the MIAR 2004 Programme Committee and the 50 reviewers who worked to a
very tight deadline in putting together this workshop. We would also like to thank the
members of the local organizing committee, who worked so hard behind the scenes to
make MIAR 2004 a great success. In particular, we would like to thank Paramate
Horkaew, Shuyu Li, Fang Qian, Meng Liang, and Yufeng Zang for their dedication to
all aspects of the workshop organization.

In addition to attending the workshop, we trust that the attendees took the oppor-
tunity to explore the picturesque natural scenery surrounding the workshop venue.
The Fragrant Hills Park was built in 1186 in the Jin Dynasty, and became a summer
resort for imperial families during the Yuan, Ming and Qing Dynasties. We also hope
some of you had the time to further explore other historical sites around Beijing in-
cluding the Forbidden City, the Temple of Heaven, the Summer Palace and the Great
Wall. For those unable to attend, we hope this volume will act as a valuable reference
to the MIAR disciplines, and we look forward to meeting you at future MIAR work-
shops.

August 2004 Max Viergever, Xiaowei Tang,
Tianzi Jiang, and Guang-Zhong Yang
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New Advances in MRI

Stephen J. Riederer, Ph.D.

MR Laboratory, Mayo Clinic, 200 First Street SW,
Rochester MN 55905 USA
ri eder er @myo. edu

Abstract. Since its initial use in humans in the early 1980s magnetic resonance
imaging (MRI) has become a widely used clinical imaging modality. Nonethe-
less, there continue to be opportunities for further advances. One of these is
improved technology. Specific projects include high field strength magnets at
3 Tesla and beyond and an increased number of receiver channels for data ac-
quisition, permitting improved SNR and reduced acquisition time. A second
area is the further study of image formation, including the manner of sampling
“k-space” and the specific type of image contrast. A third area is the in-creased
exploitation of high speed computation to allow every-day implementation of
techniques other-wise limited to research labs. Finally, MR is growing in its
usage as a non-invasive, reproducible, and quantitative test in the study of non-
clinical questions. MRI continues to be an area with a wealth of opportunity
for contemporary study.

1 Introduction

Over the last two decades magnetic resonance imaging (MRI) has become a widely
accepted technique useful for the clinical depiction of many types of pathologies of
the brain, spine, abdomen, and musculoskeletal and cardiovascular systems. The
significance and impact of this can be seen in various ways. For example, currently
there are approximately 15,000 whole body MRI units installed worldwide with ap-
proximately 7,000 of these installed in the United States [1]. With a very conserva-
tive estimate of ten clinical examinations per scanner per day, this converts to well
over 100,000 MRI exams daily around the world. Another measure is the continuing
growth of clinical MRI. Although there have been year-to-year variations, over the
ten-year period from 1992 to 2002 MRI at Mayo Clinic grew at a 104% annual rate,
and this is typical of many institutions. Yet another measure of the significance of the
modality was the awarding of the 2003 Nobel Prize in the category of Physiology or
Medicine to two pioneers in MRI development, Drs. Paul Lauterbur and Peter Mans-
field. By each of these measures MRI has become significant in modern medicine
around the world.

In spite of this success and clinical acceptance there is still ample room for MRI to
grow technically and scientifically. The fundamental limitations of MRI, primarily
the limits in the acquisition speed and the signal-to-noise ratio (SNR), have still not
been adequately addressed in many applications. Also, the fundamental technical

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 1-9, 2004.
© Springer-Verlag Berlin Heidelberg 2004



2 S.J. Riederer

advantages of MRI over other modalities, such as the high degree of contrast flexibil-
ity and the arbitrary nature in which an image can be formed, can be further ex-
ploited.

The purpose of this work is to describe several contemporary trends in the ongoing
technical development of MRI. These include advances in technology for providing
improved MRI data, advances in the manner of sampling MRI data acquisition space
or “k-space,” computational techniques for facilitating the high-speed formation of
MR images, and advances in the manner in which MRI is used as a scientific tool.

2 MRI Technology

2.1 Increased Magnet Strength

Selection of field strength is one of the most important choices in defining an MRI
system, as it drives many of the other aspects of the system, such as siting, available
contrast by virtue of the field-dependent relaxation times, and intrinsic SNR. In the
mid-1980s MRI manufacturers developed systems at a field strength of 1.5 Tesla, and
this became the de facto maximum operating strength which was routinely available.
Since that time a number of applications have been identified as potentially benefiting
from higher strength, such as in vivo MR spectroscopy, functional neuro MRI using
BOLD contrast, and SNR-starved applications such as those using various fast-scan
techniques. The advantages of higher field are offset by increased specific absorption
rate (SAR) and decreased penetration of the RF field into the body. To address this
interest, MR vendors in approximately the last five years have developed systems at
3.0 Tesla for routine installation. Additionally, whole body systems have been devel-
oped for individual research laboratories at 4, 7, 8, and 9 Tesla. The advantages of
such systems in the applications indicated above are in the process of being studied.
It remains to be seen to what extent these advantages trigger widespread installation.

Fig. 1. Comparison of image of prostate at 1.5 Tesla (a, left) and 3.0 Tesla (right). Note the
improved SNR of the latter due to the increased field strength. The same T1-weighted spin-
echo sequence was used for both

An example of the advantages of 3.0 Tesla is shown in Figure 1. Figure 1a is an
image of the prostate of a human cadaver acquired at a field strength of 1.5 Tesla. A
four-element surface receiver coil was used in conjunction with a 12 cm FOV and
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256x256 spin-echo imaging sequence. Fig. 1b is an image of the same specimen us-
ing the same pulse sequence and scan parameters as for (a) but now at a field strength
of 3.0 Tesla. The improvement in SNR is readily apparent, measured in this study as
2.1X. Results such as these may increase the clinical applicability of MRI in these
anatomic regions as well as in other areas in which SNR can be limiting. A specific
example is high resolution imaging of the hand. In these cases it is critical that ap-
propriate receiver coils be used which are not only tuned to the increased resonant
frequency but also matched to the anatomic region under study.

2.2 Improved Receiver Channels

Another area of technology in which there has been considerable recent development
is in the receiver chain of the MRI scanner. Receiver coils have long been a field of
study in MRI. Early developments included developing a single “coil” consisting of
several distinct coil elements, the signals from which were added prior to digitization
and reconstruction [2]. In ca. 1990 multi-coil arrays were developed in which a sepa-
rate image was made from each individual coil element, the results then added in
quadrature to improve SNR [3]. With this approach the signal from each receiver
element was directed to an individual receiver channel, and typically the number of
such channels was limited to four. However, recently there has been interest in ex-
panding the number of such receiver channels, as motivated by the desire for further
gains in SNR, broader anatomic coverage, and the implementation of various parallel
imaging techniques. Thus, modern, top-of-the-line scanners are equipped with 8, 16,
and even 32 individual receiver channels. Additional flexibility is provided by allow-
ing for coil arrays with even more elements than the number of channels. Switching
is allowed to direct a specific element to a specific receiver.

Figure 2 is a comparison of a coronal scan of the abdomen using a single-shot fast-
spin-echo technique, the result in (a) acquired using a standard four-element phased
array, that in (b) formed using a modern eight-element coil with eight receiver chan-
nels. The pulse sequence was identical for the two scans. The result in (b) is clearly
superior in SNR.

3 MR Image Formation

3.1 k-space Sampling Techniques

The measured signal in MRI samples the Fourier transform of the final image. This is
often referred to as “k-space.” Early theory showed that the time integral of the grad-
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ent waveforms was proportional to the specific k-space position being sampled.
Thus, customized gradient manipulations could provide very precise k-space trajecto-
ries. Over time, the most commonly used method has been a 2DFT technique in
which an individual line is sampled each repetition of the acquisition, the final image
formed from a data set comprised from a set of such parallel lines. However, other
trajectories have also been developed in the last two decades, most notably radial or
projection reconstruction (PR) and spiral. Each has its specific advantages and limi-
tations. However, recently further variants in these have been developed, in some
cases allowing for time-resolved imaging.

One example of a such a technique is time-resolved imaging of contrast kinetics or
“TRICKS” [4]. This is a 3D acquisition method in which the central portion of k-
space is sampled periodically, and outer regions are sampled less frequently. The
final image set is reconstructed from the most recent measurement of each phase
encoding view. Because of the difference in sampling rates, the actual rate at which
images are formed is greater than that which is dictated by the spatial resolution: Ny
x Nz x TR.

Other means for k-space sampling have also been developed. One recently de-
scribed technique is termed “PROPELLER” [5] because of the manner in which a set
of vanes is sampled, similar to those comprising a propeller or windmill. The width
of each vane may consist of ten or more individual phase encoding views. Because
each vane intersects the region in the immediate vicinity of the k-space origin, the
redundancy of information potentially allows some immunity to motion artifact as
well as the ability to generate a time-resolved image sequence.

Another MR data acquisition technique recently described combines the view shar-
ing of TRICKS, the view ordering of elliptical centric (EC) acquisition [6], and the
radial sampling of PR and PROPELLER techniques and uses a star-like pattern to
generate a time series of 3D images. The EC-STAR pattern is shown in Figure 3.
Each point in the figure corresponds to an individual measurement as sampled in a
single repetition of the 3D acquisition. As shown, k-space is divided into three dis-
tinct regions: the central disk (R1) and two annular rings (R2 and R3). These regions
are sampled at the relative rates of 1, %2, and %, respectively. The time series thereby
generated is roughly three times the frequency intrinsic to the sampling. Also, by
sampling all of the central views in a group the technique has improved immunity to
artifact and reduced latency. This technique has recently been applied to MR imaging
in conjunction with continuous table motion [7].

3.2 Parallel Image Reconstruction Techniques

Recently a number of techniques have been described in which the redundancy of
information provided from multiple coil elements can be used to reduce the acquisi-
tion time for image formation. The two general classes of methods are referred to as
“SMASH” [8] and “SENSE” [9]. Here we briefly describe the latter which has thus
far been implemented to a wider extent than the former.
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Fig. 2. Comparison of image of the abdomen formed using a standard four-element phase
array coil (left) and an eight-element coil (b, right) using the same breath-hold T1-weighted
pulse sequence. The result in (b) has improved SNR

Fig. 3. Sampling pattern in ky-kz space for elliptical centric sampling with a star-like trajec-
tory (EC-STAR). The relative sampling frequencies are unity, one-half, and one-fourth for the
central disk and the two annual rings. The technique can be used to generate time-resolved 3D
data sets of contrast agents flowing through the vasculature

The concept behind SENSE is to allow aliasing in the MR image by using an ac-
quisition field-of-view (FOV) which is smaller than the actual size of the object. In
the resultant image this causes the edges of the object to be aliased into the central
portion. If uncorrected, this often causes the final MR image to be uninterpretable.
The basis of SENSE is to use multiple receiver coil elements and generate a separate
aliased image for each element. If the coil sensitivities are known and distinct from
each other, this information can be used to determine the constituent signals compris-
ing the aliased image and essentially restore the full field of view with no aliasing.
This technique can be used in various ways, the two principal ones being: (i) to re-
duce the acquisition time for a given spatial resolution, and (ii) to improve the spatial
resolution for a given acquisition time. The SENSE technique can be useful in appli-
cations in which it is important to acquire all of the MR data within a limited time,
such as a breathhold.
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An example is shown in Figure 4. Figure 4a is a contrast-enhanced MR angiogram
in coronal orientation at the level just below the knees. The acquisition time was 30
sec for the 3D sequence. Figure 4b used the same pulse sequence and the same ac-
quisition time except that SENSE encoding was performed. This allowed an im-
provement in spatial resolution along the left-right direction by a factor of two. The
resultant improved sharpness in the image in (b) is apparent vs. (a).

Fig. 4. Contrast-enhanced MR angiograms of the lower legs acquired using a 30-second long
3DFT acquisition. The image in (a,left) used a standard 3DFT acquisition. The image in (b,
right) was formed using SENSE with a two-fold improvement in resolution. Improved sharp-
ness in the left-right direction of (b) vs. (a) is apparent

4 Computational in MRI

MRI is a very computationally intensive technique. Because the MRI data are ac-
quired in k-space, all images are formed only after some kind of image reconstruction
process, typically done using Fourier transformation. In the 1980s the image forma-
tion process in MRI typically took tens of minutes. Data collection was time consum-
ing as was the image reconstruction. However, as scan times have dropped in the last
two decades so too has the demand for faster image reconstruction increased. This
has been addressed to some extent by the ever-increasing computational speed of
computers, and today for a variety of pulse sequences the MR images can be recon-
structed in real time with the data acquisition.

Increased computational speed is also important as the number of receiver chan-
nels increases. As discussed earlier, this was motivated by the desire for improved
SNR, but a consequence of now allowing N receiver channels is that there is N times
as much data and N times as many image reconstructions to perform compared to a
reference acquisition. Improved computational hardware can potentially address this.
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Another application of improved computational speed is the implementation of
more advanced image correction or reconstruction methods which might otherwise
not be practical. One example is the use of “gridding” techniques [10] which per-
form the interpolation onto a rectilinear grid of data which may have been acquired
along some non-rectilinear k-space trajectory. This is critical in spiral acquisition
methods.

A very specific example of data correction is the process of accounting for gradi-
ent warping in the imaging of a long field of view during continuous motion of the
patient table. The motivation for this project is to match the velocity of the table to
the velocity of the contrast bolus as it flows from the thorax to the abdomen and the
legs. This is critical in the performance of
contrast-enhanced angiograms of the peripheral
vasculature. It is well known in imaging using a
conventional static patient table that non-
linearities in the magnetic gradients cause
distortion in  the reconstructed image.
Specifically, the coronal-oriented image of a
square grid typically is distorted to resemble a
barrel. In virtually all modern MRI systems this
artifact is somehow accounted for. However, in
continuous table motion MRI the problem is
exacerbated because individual MR
measurements are subjected to different degrees
of distortion as a consequence of their motion
through the gradient field.

The above problem can be accounted for but it
is computationally intensive. Polzin and
colleagues have described a method [11] in which
each individual phase encoding view is
reconstructed into an image component, the
component is then corrected for the gradient
warping, and then the corrected components are
added together to form the final 3D data set. This
is time consuming because rather than perform
one 3D Fourier transform on the complete data
set once it is acquired, in essence a separate 3D
Fourier transform must be performed for each
individual measurement. In practice this can be
relaxed somewhat in that the transform can be
done in groups of approximately several dozen
views. Nonetheless,  without  today’s
computational power such algorithms would not

Fig. 5. Comparison of con-
trast-enhanced MR  an-
giograms of the abdomen,
pelvix, and legs of the same
data set uncorrected (a, left)
and corrected (b, right) for
gradient non-linearity in
moving table MRI.  Note

the improved sharpness of
the small vessels in the
thighs and calves in the cor-
rected image

be practical for every day use. An example of
gradient warping correction applied to moving
table MRI is shown in Figure 5.
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5 MRI as a Quantitative Test

For many of the same reasons that MRI has become clinically accepted it is also be-
coming widely used as a reference standard in the testing of various scientific hy-
potheses.  Specifically, MRI is quantitative, non-invasive, reproducible, three-
dimensional, and non-destructive, it uses no ionizing radiation, and it has a high de-
gree of contrast flexibility. It is also generally affordable.

One prime example of how MRI is used in this fashion is in the radical increase in
the amount of research being conducted in studies of the brain using functional neuro
MRI with the BOLD response. Although there continue to be technical advances in
the manner in which BOLD images are acquired and processed, the basic mechanism
is relatively well understood, has been widely implemented, and is being widely used
by investigators worldwide in many of the various neurosciences.

Another example of the manner in which MRI is used as a scientific standard is for
many kinds of animal studies. This can be used to assess phenotype, follow disease
progression, and monitor the effectiveness of therapy or drug response. Individual
animals can be used in longitudinal studies, obviating the need to sacrifice a portion
of the cohort at each phase. Special purpose, small bore, high field MRI systems are
becoming more common to facilitate such investigations.

The contrast flexibility of MRI is another potential factor contributing to its in-
creased use. One emerging type of contrast is to use the MRI signal to measure the
elasticity of materials using the method dubbed “MR elastography” [12]. With this
technique the manner in which acoustic waves propagate through the medium is used
to estimate the wave velocity and material stiffness or elastic modulus.

The use of MRI as a quantitative test will no doubt grow in the near future as it be-
comes more turnkey, more accessible, and as its advantages are more widely appreci-
ated.

6 Summary

Although it has been widely accepted clinically for over two decades, MRI is still
undergoing considerable technical development. This includes MRI technology it-
self, the specific means for acquiring MR image data in k-space and reconstructing
the image set, computational hardware allowing sophisticated image formation and
correction algorithms, and special purpose scanners to facilitate the utilization of MRI
as a scientific standard.
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Abstract. Focal brain lesions are a consequence of head trauma, cerebral infarcts
or intracerebral hemorrhages. In clinical practice, magnetic resonance imaging
(MRI) is commonly used to reveal them. The segmentation task consists of find-
ing the lesion borders. This problem is non-trivial because the lesion may be con-
nected to other intracranial compartments with similar intensities. A new method
for the automatic segmentation of unilateral lesions is proposed here. The signal
statistics of multichannel MR are examined w.r.t. the first-order mirror symmetry
of the brain. The algorithm is discussed in detail, and its properties are evaluated
on synthetic and real MRI data.

1 Introduction

High resolution magnetic resonance (MR) images of the brain are used in clinical prac-
tice to reveal focal brain lesions (e.g., as consequences of head trauma, intra-cerebral
hemorrhages or cerebral infarcts). Lesion properties (i.e., position, extent, density) are
known to be related to cognitive handicaps of a patient. While a semi-quantitative anal-
ysis of MR tomograms based on visual inspection (e.g., rating scales) is common today
in certain clinical protocols, tools for a quantitative analysis are still rare. One of the
reasons for this lack of tools is that segmenting MR images with pathological findings
is considered a non-trivial task.

Manual lesion segmentation is still considered as the “gold standard”. A human ex-
pert with anatomical knowledge, experience and patience uses some graphical software
tool to outline the region of interest. While this method obviously produces the most
reliable results, it is time consuming and tedious. In addition, re-tests and inter-rater
reliability studies of manually segmented lesion rarely reach 90 % correspondence [2],
[21]. Most previous studies in automatical lesion segmentation concentrated on the de-
tection of white matter lesions in Multiple Sclerosis (MS). Techniques suggested for this
problem include: statistical clustering [19], a combination of statistical techniques and
anatomical knowledge [7], a combined classification of multi-channel MR images [22]
or an iterative approach to correct B; field inhomogeneities while classifying voxels
[11]. However, the problem studied in this paper is more general. While MS lesions are
completely caused by white matter, lesions as consequences of a head trauma or cere-
bral infarction may include the cortical gray matter and thus reach the cerebrospinal
fluid (CSF) compartment. So the problem is to discriminate a lesion from different sur-
rounding compartments.

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 10-18, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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Few semi-automatic and automatic methods exist in the literature for this problem.
Most are dedicated to the segmentation of a specific type of focal lesion only. Maksi-
movic et al. [14] studied the segmentation of fresh hemorrhagic lesions from CT data
using 2D active contours. Such lesions have high signal intensities and may reach the
skull which is also bright. The active contour detects the border between the brain and
the skull, the boundary of the ventricles and the boundary of the lesion. Loncaric et
al. [12], [13] proposed an approach that combines unsupervised fuzzy clustering and
rule-based system labeling. The rule-based system assigns one of the following labels
to each region provided by the clustering: background, skull, brain, calcifications and
intracerebral hemorrhages.

Dastidar et al. [3] introduced a semi-automatic approach for segmenting infarct le-
sions consisting of four steps: image enhancement, intensity thresholding, region grow-
ing and decision trees in order to localize the lesion. User interaction is required to de-
fine the lesion boundaries if it reaches a compartment of similar intensity. Stocker et al.
[17] proposed to automatically classify multichannel image information (773-, T%- and
proton density (PD)) using a a self-organizing map into five partitions: white and gray
matter, CSF, fluid and gray matter in the infarct region. Brain tumors may be segmented
using statistical classification [8], [15]. An atlas of normal brain anatomy containing
spatial tissue probability information is used to discriminate different anatomical struc-
tures with similar intensities. A tumor is found as a (compact) region of outlier voxels.

A level-set method guided by a tumor probability map was described by Ho et al.
[4]. Finally, a region growing technique was proposed to segment any type of lesions
[18]. It requires the input of a seed point and a pre-defined threshold to avoid an over-
growing outside the lesion. A similar method was developed by Hojjatoleslami et al.
[5], [6]. The key idea is to stop the region growing on the outer cortical layer between
the lesion and the external CSF area, that is often preserved after stroke. The algorithm
involves a grey level similarity criterion to expand the region and a size criterion to
prevent from overgrowing outside the lesion.

In this paper, we focus on the segmentation of unilateral focal brain lesions in their
chronic stage. Lesions are generally not homogeneous, often with completely damaged
core parts and minor damage in peripheral portions. Thus, MR signal intensities range
between values of undamaged tissue and values similar to CSF. The boundary between
a cortical lesion and the CSF compartment is often hard to draw.

The following section of this paper describes the method. In a subsequent section,
we study the parameter settings and performance of our method by several exeriments.
Finally, properties of this approach are summarized.

2 The Algorithm

As afirst approximation, the brain is a mirror-symmetric organ. Lesions considered here
are confined to a single hemisphere with a generally healthy area on the contralateral
side (see Fig. 1. The segmentation problem may therefore be stated as finding compact
areas with an intensity statistic that differs significantly from the contralateral side. A
Hotelling T2 test is performed to compare small subregions from both hemispheres. The
test measure is converted into a z-score and collected in a lesion probability map (LPM).
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Areas with high signal asymmetries are depicted by high z-scores. A post-processing
step thresholds the LPM and checks the size of all connected regions against the size
distribution of natural asymmetries.

T1 image i T2 image

lesion healthy area

Fig. 1. Lesions considered here are confined to a single hemisphere with a generally
healthy area on the corresponding contralateral side

2.1 Computing a Lesion Probability Map

To detect a probable lesion, we compare the signal statistics in homologeous regions of
both brain hemispheres in multichannel MRI tomograms. As a pre-processing step, we
align brain datasets with the stereotactical coordinate system such that the midsagittal
plane is at a known location z,;4 = const. We use a natural convention for addressing
the body side, i.e. locations z; < xm:q refer to the left body side. Now consider a
cubic subregion R in the left brain hemisphere centered around a voxel vy at Cartesian
coordinates (z;,y,z) with an extent of s voxels. Its homologeous region is centered
around voxel vy at (2 * Zmiqg — 21, Y, 2). At each voxel v, a vector of observed signal
intensities o = {o01,...,0x} is obtained from the k& multichannel images. Thus, a
region includes n = s® observation vectors.

We are now interested whether the multivariate mean of observations in both re-
gions is different. Hotelling’s T2 statistic is an important tool for inference about the
center of a multivariate normal quantity. According to Rencher [16], we can work di-
rectly with the differences of the paired observations from both hemispheres, i.e. re-
duce the problem to a one-sample test for D, = {dy, ..., dn} from Ni(d, X), where
d;i = 015 — 0 correspond to the left-right differences, and d, ¥ are unknown. The
hypothesis Hp : d = 0 is rejected at the level o if

(n—-1)k

T2 = naTS_la > m Fk,n—k,l—aa (1)



Segmentation of Focal Brain Lesions 13

where n

n - c—di(d: - AT
;di and S_n—lg__‘:(dl d)(d; — d) )

are the mean and the covariance of the sample. Obtained Fj 4-scores are converted into
significance levels p [1]:

q

PEYY ®

p€[0,1]=2Iz<k q), where z =

2’2
and I;(+) corresponds to the incomplete beta function [1]. Significance levels are finally
converted into z-scores:

z=+2erfc 1 (p/2), pe[0,1]. 4

Z-scores are compiled in a statistical image that we denote as LPM. Note that this map
is symmetric with respect to the midsagittal plane.

2.2 A Weighted Hotelling T Test

In order to obtain a more localized LPM, we include weights w; with differences d;.

The highest weight is addressed to the center voxel v, of the subregion R. Weights

decrease with distance from this voxel. A reasonable choice is a Gaussian weighting

function:

s = el
202

where ||v; — .|| denotes the Euclidean distance between v; and v, and o is a spatial

scaling factor. Note that ¢ — oo approaches the unweighted case above. Now, the
weighted sample mean and covariance are computed as:

w; = exp ( ) , Vi,v € R, (&)

dw = M and S — E?=1 w;(d; — d)(d; — d)T.
i T W~ i v

As Willems et al. [20] discussed for the case of a robust (weighted) Hotelling test,
the test statistic is now:

©)

- T 1 o~
T2 :=ndy Sw 'dw =~ fFrgi-a )

where f is a multiplication factor and q the modified degrees of freedom for the denom-
inator of the F-distribution, given by:

2ET2](k +2)
= E[12) 1 = w :
P=Ell = ad a=d+ e e

®)

Since the mean and the variance of the T2 distribution cannot be obtained analytically,

we determined values of E[T2] and Var[T;2] using Monte-Carlo simulations [20].
For a fixed dimension & = 2, we generated m = 10® samples X;;4 = 1,...,m

froma N (0, 1)) Gaussian distribution. For each sample, T, E,m was determined by Eq.
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7, using different region extents of s = {3, 5, 7} voxels (corresponding to samples sizes
of n = {27,125,343}) and different spatial scaling factors & = {0.5,...,2.5}. The
mean and variance of T2 are given by:

E(T2) = }:T”‘ and Var(T2) .= E: T2 _ B(T2)2.  (9)

z—-l

Following [20], a smooth function was fit to a regression model, depending on the
window size s and the spatial scaling factor o. For the reduced degrees-of-freedom gq,

given k = 2, we modelled:

4
a=4+—, (10)

and, likewise, for the multiplication factor f:

f=(t+ tla-to)qf (11)

Valuesfor ¢; are given in Tab. 1.

ES | to t1 ta 3

3 20.74224 0481705 2.347796 1.17270
5 402456 4242255 2.066018 1.00784
7 3.78378 14.393344 2.006746 1.01824

Table 1. Regression parameters ¢; for computing the multiplication factor f and the
reduced degrees-of-freedom g, given a window size s.

The lesion probability map (LPM) is thresholded by 2i;mm, and the size of the con-
nected components is determined. Natural asymmetries occur in any brain, but they are
generally small compared with a brain lesion. The distribution of “pseudo-lesions” due
to brain asymmetry was sampled from 20 datasets of healthy subjects. The size of a
probable lesion is compared with this distribution, and a p-value is addressed to each
lesion for being a “true” lesion. The algorithm was implemented and evaluated using
the BRIAN system [9].

3 Experiments

The first experiment was conducted in order to study the influence of the parameters
window size s, spatial scaling factor o, and z-score threshold z;m, on the estimated size
of the detected lesion. Denote a contrast ratio of 1.0 as a complete lesion, 0 as undam-
aged tissue. Simulated datasets with a lesion size of I = {133,273,583} voxels and a
contrast ratio ofc = {0.1,0.8} were generated. The lesion detection algorithm was run
on these data using window sizes of s = {3,5,7},and ¢ = {0.5,1.0,1.5,2.0,2.5}.
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We found: (1) The larger the window size, the higher the z-scores. (2) The larger o,
the higher the z-scores. (3) The z-score range, in which the true lesion size was cor-
rectly estimated, decreases with increasing ¢. (4) The z-score range, in which the true
lesion size was correctly estimated, increases with increasing window size. The best
compromise was found with s = 5, ¢ = 1, and 23y, = 4.3 (see Fig. 2).

As a second experiment, we examined the contrast ratio, for which at least 95% of
the true lesion size was detected. For a small lesion (102 voxels), ¢ = 0.17 (3% noise),
¢ = 0.28 (6% noise), for a large lesion (303 voxels), ¢ = 0.09 (3% noise), ¢ = 0.18
(6% noise) was found. So, for realistic noise levels found in MRI datasets, lesions with
a contrast ratio of at least 0.2 are expected to be detected with a size that is close to the
real one.

1.5

R R s T e T L T e s B S B I B s

1.0

0.5

Estimated relative lesion size

0.0
1

T = T T T
0 5 10 15 20

Threshold zlim

Fig. 2. Estimated relative size of the lesion vs. threshold 2y, for window size w = §
and spatial scaling factor & = 1.0. The solid line corresponds to a lesion contrast of 0.1,
the broken line to a lesion contrast of 0.8.

Then, we were interested in discriminating real lesions from pseudo-lesions due to
natural brain asymmetry which are expected to be small. We selected 20 datasets of
healthy subjects from our brain database. A MDEFT protocol [10] was used to acquire
high-resolution T} -weighted data sets on a 3.0 Tesla Bruker Medspec 100 system (128
sagittal slices of 256%256 voxels, FOV 250 mm, slice thickness 1.4 mm, subsequent
trilinear interpolation to an isotropic resolution of 1 mm). Ts-weighted datasets were
collected on the same scanner (20 slices of 256%256 voxels of 0.97*0.97*7 mm). The
T -weighted dataset was aligned with the stereotactical coordinate system, and the T5-
weighted dataset was rigidly registered with the aligned dataset using a multi-resolution
approach and a cost function based on normalized mutual information. Then, the lesion
segmentation algorithm was applied to the multichannel image, and the size of the de-
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tected pseudo-lesions determined using 2y, = 10. In total, 2077 regions were found,
and from their cumulative distribution function, a lesion of more than 880 voxels may
be called pathological with an error of 5%.

Finally, we illustrate the use of this algorithm in a real dataset. A patient suffering
from a stroke in the left anterior area of the middle cerebral artery was examined 6
months post-stroke (see Fig. 3). Note that not only the lesion itself is detected but also
other areas (i.e., the left ventricle) are marked where some substance loss occured in the
vicinity. Thus, all consequences ofthe stroke are depicted. Note further that low-intense
regions in the vicinity of the Sylvian fissure are not included in the lesion, because they
are symmetric.

Fig. 3. Top: T1-weighted image of a patient suffering from a cerebral infarction in the
anterior supply area of the middle cerebral artery. Below: segmented lesion as detected
by this algorithm.

4 Summary

We described an algorithm for detecting unilaterial focal lesions in MR images of the
human brain. The signal statistic of small mirror-symmetric subregions from both hemi-
spheres is compared using a spatially weighted Hotelling 72 test. The resulting voxel-
wise test measure is converted to a z-score and collected in a lesion probability map.
This map is thresholded by a pre-determined z-score limit, and the size ofthe connected
lesion components is computed. A lesion is detected by this algorithm with a size error
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of less than 5% if the contrast ratio is at least 0.2. It may be denoted a “true lesion”
with an error probability of 5% if it is bigger than 880 voxels. Currently, we analyze
temporal changes of incompletely damaged tissue in a longitudinal study.
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Abstract. Since the discovery of x-rays, medical imaging has played a major
role in the guidance of surgical procedures, and the advent of the computer has
been a crucial factor in the rapid development of this field. As therapeutic
procedures become significantly less invasive, the use of pre-operative and
intra-operative images to plan and guide procedures has gained increasing
importance. While image-guided surgery techniques have been in use for many
years in the planning and execution of neurosurgical procedures, more recently
endoscopically-guided approaches have made minimally invasive surgery
feasible for other organs. The most challenging of these is the heart. Although
some institutions have installed intra-operative, real-time MRI facilities, these
are expensive and often impractical. So a major area of research has been the
registration of pre-operative images to match the intra-operative state of organs
during surgery, often with the added assistance of real time intra-operative
modalities such as ultrasound and endoscopy. This paper examines the use of
medical images, often integrated with electrophysiological measurements, to
assist image-guided surgery in the brain for the treatment of Parkinson’s
disease, and discusses the development of a virtual environment for the
planning and guidance of epi- and endo-cardiac surgeries for coronary artery
bypass and atrial fibrillation therapy.

1 Introduction

Minimally invasive surgical procedures are becoming increasingly common, and as a
result, the use of images registered to the patient, is a prerequisite for both the
planning and guidance of such operations. While many invasive procedures,
(traditional coronary artery bypass for example) require relatively minor surgical
intervention to effect the desired therapy or repair, the patient is often severely
physically traumatized in the process of exposing the site of the therapeutic target. In
one sense the objective of minimally invasive approaches is to perform the therapy
without the surgery!

Minimally invasive techniques have been in use now for many years, particularly
in the brain and skeletal system. The targets in these cases are relatively rigid, making
the process of registering pre-operative images to the patient fairly straightforward.
For other organs, for example the heart, liver, and kidney, registration is not as
simple, and it is these organs that present the major challenges for imaging during
minimally invasive surgery.

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 19-26, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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2 Neuro Applications

2.1 Frame-Based Stereotactic Deep-Brain Surgery

Computerized surgical planning systems made their debut in the early 1980’s using
simple programs that established coordinate systems in the brain based on frame-
based fiducial markers. This approach rapidly evolved to allow images from multiple
modalities to be combined, so that surgical planning could proceed using information
from a combination of MRI, CT, and angiographic and functional images. Such multi-
modality imaging was considered important for certain procedures, such as the
insertion of probes or electrodes into the brain for recording or ablation, and the
ability to simultaneously visualize the trajectory with respect to images of the blood
vessels and other sensitive areas. Multi-modality imaging enabled the pathway to be
planned with confidence [1;2]. Much of Stereotactic neurosurgery was concerned with
procedures involving the safe introduction of probes, cannulae or electrodes into the
brain.

2.2 Frameless Stereotaxy

Because the attachment of a frame to the patient’s skull is itself invasive, there has
been a general desire to eliminate the use of the frame from the procedure. However,
without the frame to provide the fiducial markers, some other type of reference
system must be employed to register the patient to the image(s). A commonly used
registration method is point-matching, where homologous landmarks are identified
both in the images and on the patient. Unfortunately, some variation in the identified
locations of the landmark points on the patient is always present, and it is difficult to
pinpoint exactly the same locations within the patient’s three-dimensional image.
Point matching is often employed in conjunction with surface-matching, which is
achieved using the probe to sample points on the surface of the patient, and then
determining the best match of this point-cloud to an extracted surface from the 3-D
patient image. Under ideal conditions, accuracy approaching that available with
Stereotactic frames can be achieved [3].

2.3 Integration of Physiological Information with Images

A common treatment for Parkinson’s disease involves the ablation or electrical
stimulation of targets in the deep brain, either within the thalamus, the sub-thalamus,
or the globus pallidus. The standard imaging modality for guiding the surgical
treatment of targets in the deep brain is a T1-weighted volumetric MR image. This
image however does not show the affected parts of the brain directly, nor does it
demonstrate the deep-brain nuclei that constitute the targets for such therapy. Other
means must be used to define the target areas within the otherwise homogeneous
regions. Approaches to solve this problem include the use of atlases mapped to the
patient images, using linear, piece-wise linear, or non-rigid registration. This is often
complemented with information gained from electrophysiological exploration of the
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target area, together with

anatomical data provided by

MRI, CT, or angiography.

Mapping the electrophysio-

logical responses recorded

during such procedures onto

the 3-D anatomical images of

the patient helps the surgeon

navigate towards the desired

target. Moreover, a database

of such responses, normalized

through  non-rigid  image

registration to a standard data

space, can be integrated with

the patient’s 3-D MRI to assist
the surgeon by predicting the  Fig. 1. Example of electrophysiological database
likely target for creating a  acquired from multiple patients, and integrated with 3D
therapeutic lesion [4] Atyplcal MRI of patient. The figure in the upper rlght is the
example of electrophysiology interface whereby the user selects the body-region
integrated with 3D MRI for associated with the stimulus/response data being
entered or displayed

guiding the surgeon to the
target in the treatment of
Parkinson’s disease is shown in
Figure 1.

2.4 Brain-Shift Compensation

If the entry point for the target within the brain is inserted into the otherwise intact
skull, the brain may be treated as a rigid body and pre-operative images, registered to
the patient, are appropriate for guidance during the procedure. In the presence of a
craniotomy however, significant brain shift occurs, and the pre-operative images no
longer represent the intra-operative morphology of the brain. Various approaches
have been used to solve this problem, from the use of MR imaging systems that are
somewhat “operating-room unfriendly”, to intra-operative ultrasound integrated with
the image-guidance protocol. Updating of neuro MR volumes using intra operative
ultrasound continues to be an active research topic in our laboratory and others.

As the reach of minimally-invasive surgery extends beyond the brain, so the
demands on image processing to accommodate procedures in other organ systems
increases. Most of these procedures involve non-static states, being affected by blood-
pressure changes, breathing or the interaction with surgical tools. If image-guidance is
to be used in these situations, realistic models that are synchronized in space and time
with the actual patient organ are required.
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3 Application to the Heart

In being an appropriate candidate for image-guided surgery, the heart is probably at
the opposite end of the spectrum from the brain. Despite this, we were motivated to
attempt the goal of developing a dynamic cardiac model for planning and guidance
purposes by our surgical colleagues who are performing robotically-assisted coronary
bypass surgery, as well as electro-ablative procedures within the left atrium.

3.1 Bypass Surgery

Many conventional cardiac surgical procedures require a sternotomy and a
cardiopulmonary bypass procedure, which subjects patients to significant trauma and
lengthy hospital stays. Recently, minimally invasive direct coronary artery bypass
(MIDCAB) procedures have been introduced, performed via instruments introduced
into the chest via trochars and guided endoscopically. Such techniques are making a
significant impact on cardiac surgery, but because of the extreme difficulty in
manipulating the instruments at the distal ends of the trochars, several surgical teams
have begun to perform coronary bypass surgery on the beating heart in the intact
chest, using tele-operated robots inserted into the chest via intercostal ports [5].

In spite of the sophistication of these robotically assisted systems, the use of
medical images in the planning of the procedure is mostly limited to conventional
chest-radiographs and angiograms. The use of such simple images makes it extremely
difficult to plan the positions for the entry ports between the ribs, and provides
minimal guidance during the procedure.

While minimally invasive and robotically assisted approaches are enjoying
increasing application, the potential benefits have not yet been fully realized. In the
absence of a more global perspective of the target organ and its surroundings, the
spatial context of the endoscopic view can be difficult to establish. Other intrinsic
limitations of the endoscope include its inability to “see” beneath the surface of the
target, which is often completely obscured by bleeding at the surgical site. To assist
the planning and guidance of such procedures, there are a number of reports [6;7;8]
describing the development of static virtual modeling systems to plan cardiac surgical
procedures.

3.2 Atrial Fibrillation Surgery (AFS)

Arrhythmias have long been controlled with minimally invasive approaches, in both
the operating room and in the electrophysiology (EP) laboratory using catheter
techniques.

Atrial fibrillation is difficult to treat using catheter techniques, but a conventional
surgical approach is considered excessively invasive. Colleagues at the London
Health Sciences Centre, London, Canada, have recently developed a minimally
invasive technique that permits ablative therapies to be performed within the closed
beating heart, using instrumentation introduced through the heart wall. This duplicates
the surgical procedure that is otherwise performed using an open heart technique, with
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life-support being provided by a heart-lung machine. However, this approach requires
the support of image guidance, to integrate both anatomical and electrophysiological
data, highly analogous to the neuro-physiological mapping approaches described
earlier.

Unlike during epicardial procedures, an endoscope cannot be used to navigate
inside the blood-filled atrium. A fully minimally invasive approach requires the use of
surrogate images based on a simulated heart model dynamically mapped to the
patient. This model must in turn be complemented with the intra-procedure EP data
mapped onto the endocardial surface and integrated within the virtual planning and
guidance environment.

4 Towards a Virtual Cardiac Model

Effective image guidance for these surgical procedures is challenging and demands a
cardiac model that is registered to the patient in both space and time. The image-
guided surgery laboratory at the Robarts Research Institute in London, Canada is
currently engaged in a project to achieve this goal via the following steps:

The creation of a dynamic cardiac model

Registration of the model to the patient

Synchronization of the model to patient

Integration of patient and virtual model

Integration of registered intra-cardiac and intra-thoracic ultrasound
Tracking of tools and modeling them within virtual environment.

S e e e

4.1 Dynamic Cardiac Model

Dynamic imaging using both MR and CT has become a common feature of
contemporary medical imaging technology, but it is difficult to acquire high quality
images at every phase of the cardiac cycle. However, during end-diastole, one can
obtain a quasi-static 3D image of relatively high quality. While images acquired at
other phases of the cardiac cycle are noisier and often contain motion artifacts, they
nevertheless contain much of the information necessary to describe the motion of the
cardiac chambers throughout the heart cycle. Capturing this information and applying
it to the high-quality static image allows an acceptable dynamic model to be created.
This behavior has been exploited by Wierzbicki e al. [9] to generate high quality
dynamic image models from patient data that can be incorporated in a dynamic virtual
model of the heart within the thorax.

Within such a virtual environment, it is also important to integrate data from tracked
real-time imaging tools, such as endoscopes and ultrasound probes. Our work in this
area has recently been reported by Szpala et al. [10] who demonstrated that the
dynamic dataset representing the virtual cardiac model could be integrated with the
real-time endoscopic image delivered by a tracked endoscope.
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Our work continues to refine
these techniques, as well as to
address the problems of
image-to-patient registration;
tracking intra cardiac and
intra thoracic ultrasound, the
mapping of cardiac electro-
physiology into the model
environment, and the repre-
senttation of tracked tools
within the virtual environ-
ment.

5 Cha“enges Fig. 2. Virtual model of beating heart within thorax
with integrated representation of robotic probes.

There are many challenges

associated with this endeavour,

and they are not unique to the application for cardiac therapy. The most pressing is
perhaps the development of means to rapidly deform the dynamic organ models in
response to the intervention of a therapeutic instrument. This entails not only
endowing the model with sufficiently realistic characteristics to allow it to behave
appropriately, but also to ensure that performance is not compromised in the process.
Finite element representations of organs have been proposed by many groups, and
well characterized models can predict tissue behaviour accurately. However, it is
acknowledged that finite element model (FEM) techniques are often orders of
magnitude too slow for real-time operation, and that alternative approaches must be
developed. One method is to parameterize the behaviour of tissues based upon
observed responses of actual or finite-element models of organs to sample stimuli
[11; 12]. Another challenge will be to enable the updating of the model environment
rapidly as intra-operative imaging detects the changes during the procedure. This will
require accurate tracking of the intra-operative imaging modality, rapid feature
mapping between the image and the model, and local deformation of the model to
match the image. While these operations require a large computational overhead of
multiple simultaneous execution modules, we believe that the evolving levels of
readily-available computational power will be sufficient to accomplish these goals in
the near future.

On a broader front, a working group discussing the future of intraoperative imaging at
a recent workshop' held in Maryland, USA April 18-20 2004, identified a number of
challenges that must be met before the ideas presented here, and the ubiquitous use of
image-guided intervention in general, can become established on a routine basis. It
was observed that most operating rooms in the world are not even equipped with
PACS, let alone the infrastructure to bring sophisticated 3D and 4D imaging into the
OR suite; that we still lack the tools to rapidly pre-process images (i.e. segment,

' OR 2020 http://www.or2020.org/
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mesh) in an automatic pipeline fashion; that metrics for success of both the
technology and outcomes related to new image-guided surgical procedures are poorly
defined at present, and that there remains a great deal of incompatibility across
manufactures with respect to standard interfaces to equipment.

The workshop presented a number of “Grand Challenges” that the members
considered on which industry should focus to enable these technologies:

1. the development of integrated displays that can inherently handle multiple
modalities in multiple formats simultaneously;

2. that systems be designed to accommodate inherent tracking and registration
across modalities, tools, endoscopes, microscopes;

3. that advanced non-rigid image registration, at both the pre-op and intra-
operative phases of the procedure be developed together with appropriate error
measures; and

4. that OR-destined imaging systems should be developed from the ground up,
rather than as diagnostic systems retrofitted in the OR.

I believe that these issues MUST be addressed in a coordinated fashion, with full
participation of industry, if we as a community are to make significant progress in the
development of image-guidance to enhance minimally invasive procedures.
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Abstract. An introduction to robotic surgery is given, together with
a classification of the range of systems available with their problems
and benefits. The potential for a new class of robot system, called a
hands-on robot is then discussed. The hands-on robotic system, which
is called Acrobot®, is then presented for total knee replacement (TKR)
surgery and for uni-condylar knee replacement (UKR) surgery. CT-based
software is used to accurately plan the procedure pre-operatively. Intra-
operatively, the surgeon guides a small, special-purpose robot, which is
mounted on a gross positioning device. The Acrobot® uses active con-
straint control, which constrains the motion to a predefined region, and
thus allows the surgeon to safely cut the knee bones to fit a TKR or
a UKR prosthesis with high precision. A non-invasive anatomical regis-
tration method is used. The system has undergone early clinical trials
of a TKR surgery and, more recently a blind randomised clinical trial
of UKR surgery. Preliminary results of the UKR study are presented in
which the pre-operative CT based plan is contrasted with a post opera-
tive CT scan of the result, in an attempt to gain an objective assessment
of the efficacy of the procedure. Finally, proposals for future requirements
of robotic surgery systems are given.

Keywords: Robotic surgery; Medical robotics; Active constraint control.

1 Introduction

The use of medical robots is a relatively recent phenomena. It started in the
mid 1980s with the use of industrial robots which were used as a fixture to
hold tools at an appropriate location and orientation for neuro-surgery. In this
application, having arrived at the appropriate location, power was removed from
the robot, and the surgeon manually carried out simple tasks such as drilling the
skull. Thus the robot acted as a purely passive positioning system. Subsequently
industrial robots were applied for orthopaedic surgery and modified for safe use.
These robots were used in an autonomous mode, so that they carried out a
pre-planned sequence of motions with the surgeon acting as an observer, who
would only intervene in an emergency to press the off-button. This autonomous
mode worked best for orthopaedic surgery because the leg could be clamped as
a fixed object, so that the robot acted in the same way as a standard” computer
numerical control” machining process. Clearly if the tissue moved during the

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 27-37, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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procedure, then a pre-planned autonomous system, no matter how accurate,
would be useless since the location of the target was unknown. Thus for all soft
tissue surgery, where tissue can deform or collapse during the cutting process,
autonomous systems are less appropriate.

An example of a special-purpose autonomous system developed by the au-
thor is the Probot, for prostate resection surgery. (Fig 1(a)). This involved a
framework to resect a series of overlapping cones from the prostate, to remove
a blockage from the urethral duct caused by a benign adenoma. The special
purpose robot was placed on a gross positioning system so that when the cutter
was in the appropriate location, the positioning system was locked off for safety,
thus enabling a small low-force robot to be used for the resection process [1]. A
hot wire diathermic loop was used, together with a conventional resectoscope,
to chip away segments of prostate tissue. This series of repetitive cuts is very
tiring for an urologist in conventional surgery and results in disorientation, re-
quiring frequent re-referencing by the surgeon to know where the tool is located
within the prostate. At the start of the procedure, to image the gland, the resec-
toscope was replaced by a standard transurethral ultrasound probe. The robot
was scanned along the axis of the prostate, generating a series of 2D views that
were captured by a computer to form a 3D model. This model was then used
as a database for instructing the range of motions of the robot, to ensure the
appropriate resection. Subsequently replacing the ultrasound probe with the re-
sectoscope ensured that the cutting and imaging processes could take place using
the same referencing system, thus ensuring accuracy to within a few millimetres.
Fortunately the prostatectomy process is one primarily of debulking to remove
the urological obstruction, and so this accuracy figure for the autonomous robot
was acceptable.

One difficulty with these autonomous robots is that it is unclear who is in
charge of the procedure. Is it the surgeon or is it the robot programmer? The
programmer may have incorporated a number of conditional motions of which
the surgeon has no knowledge. This concern, and suspicion that they are not
in charge, has caused a number of surgeons to refrain from robotic surgery and
instead they have preferred to adopt computer aided surgery in the form of
“navigation tracking systems. It was to accommodate such concerns that the
author’s group has developed the concept of “hands-on” robots for surgery, which
will be described more fully later.

Another alternative to hands-on robots are telemanipulator systems. These
involve a master controller operated by the surgeon, who is generally alongside
the slave robot acting on the patient in the operating room. Usually such tele-
manipulators utilise very good vision, but have little haptic sense. An example of
this is the Da Vinci system by Intuitive Surgical for closed heart surgery, which
uses an excellent 3D endoscopic camera for three dimensional display at the mas-
ter [2]. The Da Vinci system has two separate slave systems for tools, which act
through small ports in the chest and utilise scissors and grippers that can rotate
and pivot to manipulate as if a wrist were placed inside the body. This dexterity
gives extremely good manipulative capability inside the body, without the need
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to have massive openings in the chest wall. These telemanipulator systems gen-
erally operate as open loop controlled structures, in which the surgeon visually
checks the location of the tool and target tissue and then closes the control loop
to ensure that the tool acquires the target. Thus it is the surgeon who can adapt
to distorting and moving tissue, in cases when an autonomous system would be
inadequate. The difficulty with a telemanipulator is that it requires considerable
concentration from the surgeon, and even though magnification and scaling of
motions is possible, the procedure is very tiring and time-consuming when only
vision is available with no sense of touch.

A hands-on robot was designed by the author as a special-purpose system
intended for orthopaedic surgery in which a gross positioning system allows a
small active robot to be placed in the region of interest. The gross positioner is
then locked off for safety, leaving only a small low-force robot to interact directly
with the patient. A force controlled input handle is located near the tip of the
robot and can be held by the surgeon to move the robot around under force
control. A high-speed rotary cutter is placed at the tip of the robot so that it
can machine bones very accurately. The robot can thus be pre-programmed to
move within a safe constrained region so that damage to critical structures, such
as ligaments, can be avoided. This ability to actively constrain cutting motions
has given rise to the term Active Constraint Robot and the surgical system is
called the ACROBOT, which has given rise to the University spin-off company,
the Acrobot Company Ltd.

2 Total Knee Replacement (TKR) Surgery and
Uni-condylar Knee Replacement (UKR)

Total knee replacement (TKR) surgery and uni-condylar knee replacement
(UKR) surgery are common orthopaedic procedures to replace damaged sur-
faces of the knee bones with prosthetic implants. Typically, TKR and UKR
prostheses consist of three components, one for each knee bone: tibia, femur and
patella (see Fig 1(b)). To fit the prosthesis, each of the knee bones is cut to
a specific shape (usually a set of flat planes) which mates with the mounting
side of the corresponding prosthesis component. To ensure normal functionality
of the knee, and long-lasting, pain-free implant, all components must be placed
onto the bones with high precision, both with regard to the bone axes, and with
regard to the mating surfaces between the bone and prosthesis. Conventionally,
the surgeon cuts the bones using an oscillating saw, together with a complex
set of jigs and fixtures, in an attempt to accurately prepare the surfaces of the
bones. It is very difficult to achieve a good fit and proper placement of the pros-
thesis, even for a skilled surgeon using state-of-the-art cutting tools and fixtures.
A conventional TKR study [3] reports a deviation from ideal prosthesis align-
ment greater than 9° in 7% of cases, and greater than 5° in 34% of cases. The
reason for this is that the cutting tools and fixtures are made for an average
human anatomy, and their placement largely depends on surgeon’s experience.
Furthermore, the fixtures are used sequentially, which can result in an accumu-
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Fig. 1. (a) Probot(b) TKR prosthesis (left) and UKR prosthesis (right)

lation of errors. Another source of error lies in the oscillating saw, as its blade
tends to bounce off a hard part of the bone despite the guiding tools, which can
result in a poor surface finish. UKR procedures are even more demanding than
TKR, due to the difficulty of access through small incisions. To overcome the
problems of the conventional TKR/UKR surgery and improve the results of the
procedure, a robotic surgery system is being developed at Imperial College, and
has undergone early clinical trials [4,5]. A prosthesis alignment of less than 2°
and a sub-millimetre placement accuracy have been achieved with the robotic
assisted approach. The system consists of a pre-operative planning workstation
and an intra-operative robotic system.

3 Pre-operative Planning

The planning stage of the Acrobot system is much more thorough than the
planning for a conventional TKR/UKR surgery (which simply involves placing
prosthesis templates over x-ray images). First, a CT (computed tomography)
scan of the patient’s leg is taken. The interactive planning software, developed
at Imperial College, is used to process CT images and plan the procedure: 3D
models of the knee bones are built and the bone axes are determined. The surgeon
then interactively decides the prosthesis type, size and placement (Fig 2). The
software provides a number of different 3D views of the leg and the implant, to
help the surgeon plan the procedure. Once the prosthesis model is in the correct
position over the bone model, the planning software generates the constraint
boundaries, which are then transferred to the intra-operative robotic system.

4 ACROBOT® Robotic System

In contrast to other robotic systems for orthopaedic surgery, such as Robodoc [6]
or Caspar [7], which use modified industrial robots, a small, low-powered, special-
purpose robot, called Acrobot® has been built for safe use in a crowded sterile
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Fig. 2. User interface of the pre-operative planning software

operating theatre environment. The Acrobot is a spherical manipulator with
three orthogonal axes of motion: Yaw, Pitch and Extension ( Fig 3). It has a

Fig. 3. Acrobot Head and its latest implementation

relatively small reach (3050cm) and range of angles (-30°+30°), which ensures ac-
curate operation with low-powered motors. Consequently, the robot is relatively
safe, because potential damage is limited in terms of force and is constrained
to a small region. The mechanical impedance of the axes is low and similar for
all axes, allowing the robot to be moved by the surgeon with low force. The
surgeon moves the robot by pushing the handle near the tip of the robot. The
handle incorporates a 6-axes force sensor, which measures the guiding forces
and torques. This force/torque information is used in active constraint control
of the robot. A high-speed orthopaedic cutter motor is mounted at the tip of the
Acrobot. Different rotary cutters and tools can be repeatably mounted into the
motor. For sterility reasons, the cutter motor is placed in a special mount, which
allows the motor to be removed and autoclaved before the surgery, and placed
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onto the robot at the start of the surgery. Due to its small working envelope,
the Acrobot is placed on a 6-axes gross positioning device (Fig 4), which moves

Fig. 4. The Acrobot mounted on a gross positioning device

the Acrobot to different optimal cutting locations around the knee. The veloci-
ties of the axes are limited, and secondary encoders are fitted on each axis as a
check for increased safety. Furthermore, the device is locked off when the bone
is machined, and is only powered on for a short period between cutting two con-
secutive planes to move the Acrobot to the next optimal cutting position. The
gross positioning robot is mounted on a wheeled trolley, to allow the system to
be quickly placed near the operating table or removed from it. The trolley wheels
can be locked. In addition, two clamps are provided on the trolley, that clamp
onto the side rails of the operating table, and thus rigidly link the robot base to
the operating table. The Acrobot and the gross positioning device are covered
with sterile drapes during the surgery, with the sterile cutter motor protruding
through the drapes. Sterilisable leg fixtures are another important part of the
robotic system, as they ensure that the bones do not move with respect to the
robot base during the procedure. Two special bone clamps are rigidly clamped
to the exposed parts of the tibia and femur. Each of the bone clamps is linked
to a base frame (attached to the side rails of the table) with three telescopic
arms (Fig 5(a)). The ankle is placed into a special foot support mounted on the
operating table, whereas the weight of the patient has proven to be enough to
immobilise the femur at the hip joint.

5 Active Constraint Control

The Acrobot uses a novel type of robot control - active constraint control [8,9].
The surgeon guides the robot by pushing on the force controlled handle at the
tip of the robot, and thus uses his/her superior human senses and understanding
of the overall situation to perform the surgery. The robot provides geometric ac-
curacy and also increases safety by means of a predefined 3D motion constraint.
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Fig. 5. (a) Leg fixtures in place during a clinical trial (b) Clinical application
of UKR

This “hands-on” approach is very different from other surgical robots and is
favoured by the surgeons, as the surgeon is kept in the control loop. The basic
idea behind active constraint control is to gradually increase the stiffness of the
robot as it approaches the pre-defined boundary. In other words, the robot is
free to move inside the safe region (RI), due to low mechanical impedance of the
robot. As a result, the surgeon can feel cutting forces at the tip of the robot. At
the boundary of the safe region, the robot becomes very stiff, thus preventing
further motion over the boundary (RIII). In addition, the portion of the guiding
force normal to the boundary is directly compensated, which substantially re-
duces the over-boundary error (this error is inevitable due to the limited motor
power). To avoid instabilities at the boundary, the stiffness increases gradually
over a small region close to the boundary (RII). Furthermore, only the stiffness
in the direction towards the boundary is adjusted, to allow motion along or away
from the boundary with a very low guiding force. This is achieved by a two level
control. The inner loop (2 ms) is a joint position/velocity control loop with fric-
tion, gravity and guiding force compensation. The outer, slower loop (approx.
10-15 ms, depending on complexity of the boundary) is the boundary controller,
which is executed in Cartesian space and adjusts the parameters of the inner
loop, according to the robot’s position and the surgeon’s guiding force. Because
of the nature of the prosthesis used, which requires a number of flat planes to
be cut, the constraint boundary is defined as a “2.5D” boundary, formed from a
plane and a closed 2D outline. The plane part allows a flat plane to be cut into
the bone, whereas the 2D outline part provides protection for the surrounding
tissue. Each of the two parts can be controlled separately. Considering the plane
part, the stiffness is adjusted according to the distance to the plane. For the
2D outline, the nearest point on the outline is found (when projected onto the
plane). The stiffness of the robot is then adjusted independently in normal and
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tangential directions to the outline at this nearest point. These stiffnesses, each
of which is computed along three orthogonal axes, are then combined before
being passed to the inner loop.

6 Registration

Registration is a process to determine the geometrical relationship between dif-
ferent types of information about the patient and the surgical tools. In other
words, the registration transformation R has to be determined from the coordi-
nate system of the CT scanner (where pre-operative planning data are defined)
to the base coordinate system of the robot (relative to which the locations of
the bones and the robot’s tip are defined). The planning data are then trans-
formed into the coordinate system of the robot. At an early stage of the project,
when trials were performed on plastic phantoms and cadavers [10], a registration
method using fiducial markers was used. This involved placing 4 marker screws
prior to taking a CT scan of the leg. The markers represent 4 corresponding
non-colinear points in pre-operative (the marker centre is detected in the CT
images) and robot’s coordinate systems (the marker is touched by the tip of the
robot intra-operatively), from which the transformation R can be computed. As
this method requires an additional surgery to implant the markers, it was re-
garded as unacceptable for clinical trials. A non-invasive anatomical registration
method was implemented. The method is based on the iterative closest point
(ICP) algorithm [11,12], which determines the registration transformation by
iteratively matching a set of surface points in one coordinate system to a corre-
sponding surface in another coordinate system. The procedure is as follows: first,
the surgeon acquires four landmark points, with a special 1 mm diameter ball
probe mounted into the cutter motor. These four points are used to compute the
initial registration estimate for the ICP algorithm. The surgeon then acquires a
set of randomly selected points (typically 20-30) on the exposed bone surface.
The ICP algorithm then registers the bone by matching this set of points to the
pre-operative bone surface model.

7 Clinical Application

After being successfully tested on plastic phantom bones and cadavers, the Ac-
robot UKR system was brought into the operating theatre for a blind randomised
clinical trial under MHRA committee approvals clinical trials (Fig 5(b)). 13 con-
ventional and 13 robotic clinical trials have been performed. The reason for un-
dertaking a UKR trial, rather than a TKR, was that there is more interest in
the Minimally Invasive Surgery (MIS) procedure, which is also regarded as more
challenging than TKR. The procedure was as follows: a CT scan of the patient’s
leg was taken a few days before the surgery. The procedure was planned using
the planning software and the data for the robotic system were generated. Intra-
operatively, the knee was exposed and the bones were immobilised using the leg
fixtures. In the mean time, the robot was set up and covered with sterile drapes.
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Once the leg was immobilised, the robot was wheeled next to the operating table
and clamped to it. The femur and the tibia were then registered (with a 1 mm
diameter ball probe) and cut (with a 0.8 mm diameter ball cutter). The patella
was prepared manually, as the conventional procedure is regarded to be accu-
rate enough, and the potential accuracy improvement does not justify the added
complexity of the robot-assisted procedure. The robotic system and leg fixtures
were then removed from the operating table, and the procedure was finished as
in conventional TKR surgery: the knee motion was tested with a trial prosthe-
sis, the prosthesis components were fitted onto the bones, and the incision was
closed. In all cases, the surgeon was able to succesfully register the bones, which
was indicated by a low RMS error (less than 0.4 mm) of the registration points,
and confirmed by real-time display. In all cases involving cutting the bone with
the aid of the robot, the fit of the prosthesis components onto the bone was very
good. Furthermore, the components were found to mate correctly, giving proper
bone alignment and a good range of motion.

In addition to the TKR procedure, the Acrobot system has now completed
a blind randomised clinical trial, in which 13 patients underwent conventional
uni-condylar knee surgery and 13 a robotic uni-condylar surgery. In order to be
consistent, both groups were subject to a preliminary CT scan and a computer-
based planning procedure in which an appropriate size of prosthesis was chosen.
The components were positioned to ensure the correct load lines between hip
centre and femoral knee component and the ankle centre and tibial component.
Thus in both conventional and robotic cases, a planned procedure was available.
Post operatively, both groups were subject to a CT scan and a blind evaluation
to check how accurately the plan had been achieved. This accurate measurement
process was necessary because it is possible to make claims for accuracy which
can be very subjective. By choosing different viewing angles for a radiographic
X-ray, when accompanied by knee flexion, it is possible to show good alignment
of the prostheses, even though very large errors are actually present. The use
of a CT scan to demonstrate accuracy also avoids the need for long-term knee
scores, which besides being a “soft” measure of achievement can take many years
to prove the benefit of the procedure. Such long-term outcomes do not lend
themselves to the shorter term financial survival of the robot supplier company!
The blind, randomised, results of the clinical trial have shown that the majority
of the robotic cases are within 2° of the plan with only one at 4° and one at 3°.
This contrasts with the conventional cases where only half were less than 2° and
a number extended to 7°.

The ability to measure each stage of the machining process using the robot
has demonstrated that for uni-condylar prostheses, where the prosthesis “foot-
print” is only 2 cms wide, the use of a cement mantle, even though applied
with great care, can on its own give rise to a malalignment of 2°. Thus, since a
robot can produce an exact shape to promote bone growth, the use of cementless
prostheses with a hydroxy-appetite coating to promote bone growth, avoids the
inaccuracies inherent in the cement mantle.
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8 Conclusions

Whilst autonomous robot systems have had some success in orthopaedics, their
ability to adapt to changing position and shape of the target tissue has been
limited. Although telmanipulator systems can adapt to changing position of
tissue, the need for the surgeon to close the control loop visually leads to a slow
and tiring procedure in which there is no constraining ability for the robot to
help the surgeon avoid damaging critical tissue or organs. The use of a hands-
on approach, however, not only ensures that the surgeon is constrained to a
safe region, but can also provide a degree of accuracy which is not possible
conventionally, and would be difficult with computer aided navigation systems.
It will, however, be necessary to ensure that the cost and complexity of the
resulting integrated robotic system is as low as possible. This is because it is
seldom that the robot is performing in a life-critical environment in which there
is no alternative. It is more usual that there are benefits which can accrue from
the use of the robot, but they must be justified against the inevitable increase
in cost and complexity of the total robotic implementation. If this choice is
made with care and a knowledge of the best method of implementation, then
the use of hands-on robots will undoubtedly have a very bright future. In order
to ensure maximum use in future, surgical robots need to be small, low cost,
general purpose robots that are also rigid and accurate with a wide reach. They
also need to be easy to use in the OR, ie, have a small footprint, be simple to
integrate, and not be affected by (or electrically affecting) other OR systems.

They must also allow a high throughput in the OR. Apart from a small
number of “life or death” applications, benefits of robotic procedures will only
be justifiable, if OR times and staff levels are similar to or less than conventional.
There is thus a need to be able to mount a robot system quickly and easily
after the patient is on the operating table. Robots must also be simple to use,
not requiring additional technical support teams in the OR, since dedicated
technical teams in the OR cannot be justified on the grounds of cost and the
need for such a team to be continuously available. Since the equipment is more
complex than CAS navigation systems it will require a specialist training period
beforehand for the surgeon. The robot must have a foolproof set-up procedure,
with a transparent and easy to use surgeon/computer interface and a fail-safe
system with comprehensive diagnostics.

With regard to safety, researchers and supplying organisations are unsure how
safe is “safe”, i.e., what is the minimum cost and complexity that are needed for
the task (since 100% safety is not feasible, no matter how costly the system).
This uncertainty is slowing down the application of systems. National Health and
safety organisations are often over-zealous in the absence of agreed guidelines, to
avoid being criticized for being too lax. There is thus a need for an international
consortia with national representatives to be set up and funded. There is a need
for guidelines in the first instance since everyone is wary of yet more “standards”,
which would be very lengthy and costly to produce.
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Provided that these suggestions for future improvements are implemented,

there is every reason to expect that hands-on robots will have a long and suc-
cessfull future.
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Abstract. In this paper, we present a novel adaptive method for ul-
trasound (US) image enhancement. It is based on a new measure of
perceptual saliency and the view-dependent feature on US images. By
computing this measure on an US image, speckle noise is reduced and
perceptual salient boundaries of organs are enhanced. Because of the cur-
vature gradient based saliency measure, this method can enhance more
types of salient structures than the well-known saliency network method.
Meanwhile, the proposed method does not depend on the closure mea-
sure. This makes it more appropriate to enhance real images than other
existing methods. Moreover, the local analysis of speckle patterns leads
a good performance in speckle reduction for US images. Experimental
results show the proposed enhancement approach can provide a good
assistant for US image segmentation and image-guided diagnosis.

1 Introduction

US imaging allows faster and more accurate procedures due to its realtime ca-
pabilities. Moreover, it is inexpensive and easy to use. The accurate detection
of organs or objects from US images plays a key role in many applications such
as the accurate placement of the needles in biopsy, the assignment of the appro-
priate therapy in cancer treatment, and the measurement of the prostate gland
volume. However, US images are commonly low-contrast, ‘noisy’ and with weak
boundaries. Many traditional methods of image processing fail due to the speckle
noise produced by the physical mechanism of ultrasonic devices.

According to the Gestalt approach [1], we perceive objects as well-organized
patterns rather than separate component parts. The focal point of Gestalt theory
is the idea of “grouping” or how we tend to interpret a visual field or problem in
a certain way. There are four major factors that determine grouping: proximity,
similarity, closure and simplicity. The objective of this work is to improve the
visual effect of US images by using those grouping factors to enhance perceptual
salient boundaries of organs and reduce speckle noise.

Shashua and Ullman [2] proposed the saliency network (SN) method to ex-
tract salient structures from a line drawing. The proposed saliency measure
favors long, smooth curves containing only a few short gaps. They defined the
“salient map” of an image as a feature to guide the grouping process. This map
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Fig. 1. A typical US image of a normal liver and its canny edge map. Left:
The original US image. Right: The edge map derived via the canny operator.

was computed by an incremental optimization scheme called saliency network.
This approach generally prefers long and smooth curves over short or wiggly
ones. Moreover, while computing saliency, it also fills in gaps and tolerates noise.

There have been many other studies [3,4,5,6,7] on the extraction of percep-
tion structures in the last decade. Most of these existing methods, except the
SN, focused on closure criteria. However, closed boundaries and curves are not
general in many types of real images such as natural images and medical images.
Thus, to enhance the visual effects of those images, the closure criteria should
not be used. On the other hand, because the SN method prefers long curves
with low total curvature, it actually treats each salient structure differently and
enhance straight lines more than other salient structures.

In this paper, we introduce an adaptive speckle reduction method for US
images. It is based on a salient structures extraction method [8] which favors
smooth, long boundaries with constant curvatures. By combining a local speckle
analysis, the proposed method can restrain the view-dependent speckle noise
in US images. Experimental results of the proposed method are presented and
discussed in comparison with the classical SN method and other traditional
methods.

2 View-Dependent Speckle

The basis of ultrasound imaging is the transmission of high frequency sound
into the body followed by the reception, processing, and parametric display of
echoes returning from structures and tissues within the body. The scattering or
reflection of acoustic waves arises from inhomogeneities in the tissues’ density
and/or compressibility. Scattering refers to the interaction between sound waves
and particles that are much smaller than the sound’s wavelength A, which often
occurs inside the organ. Reflection refers to such interaction with particles or
objects larger than A, which often occurs on the boundaries of organs. The
typical type of scattering in the bodies arises from a diffuse population of sub-
resolution particles where the arrangement of these particles is spatially random,
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Fig. 2. An illustration of the relationship between boundaries and beam axis in
US images. Left: Schematic explanation for the included angle 6 between an
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and results in the speckle patterns in the image. This kind of speckle pattern
can be called speckle noise since it doesn’t directly reveal the physical structures
under it, but the constructive and destructive interference of scattered signals
from all the small structures.

Since B-mode ultrasound is most sensitive to the surfaces of structures nor-
mal to the beam, scattering shows obvious view-dependent property and its ap-
pearances in the image for a certain patch of tissues, are variant to the relative
positions of the ultrasound transducer. In fact, the speckle patterns in images
are observed to be elongated in the direction perpendicular to the wave beam
and thus variant to the direction of beam.

Speckle occurs especially in images of the liver and kidney whose underlying
structures are too small to be resolved by large wavelength ultrasound [9,10].
Fig. 1(a) shows a liver US image of a healthy human. This image has a grainy
appearance, and not a homogeneous gray or black level as might be expected
from homogeneous liver tissues. Fig. 1(b) is its edge map derived via the canny
edge operator. It is noticed that almost all salient boundaries are perpendicular
to the wave beam. Fig. 2(b) is the histogram of angles between edge fragments
and the corresponding beam axis as illustrated in Fig. 2(a). These statistics
confirm the assumption that most boundaries in US images are oriented nearly
perpendicular to the beam directions. Based on this observation, we propose
the following method to enhance US images by reducing such view-dependent
speckle noise while enhancing the salient boundaries of tissues .

3 Salient Structure Extraction

In the classical SN method [2], an orientation element was defined as a vector on
the image plane and the saliency of element p was defined to be the maximum
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saliency over all curves emanatingfrom p. This provides the salient map which is
useful for edge enhancement. Many researchers [11,12] have explored the effects
of the SN method. Wang and Li [13] showed that the salient map is a better
force field for snakes since the speckle noise is reduced and the boundaries are
enhanced. However, in the SN scheme, the total curvature term reduces the
contribution of elements according to the accumulated square curvature from
the beginning of the curve. This property makes the method favor curves with
low total curvature, particularly straight lines. Thus the classical SN method is
not proper for enhancing real US images that contain multiple objects with mild
curving boundaries.

3.1 Curvature Gradient Based Saliency Measure

In our saliency measure, for each orientation element p on an image, the L level
saliency @1 (p) is defined to be the maximum saliency over all curves of length L
emanating from p. The saliency of a curve I'(s) of length ! (s denotes arc length,
0 < s <1)is defined as

l
S(r) = /0 p*9(s)0(5)C(s)ds (1)

where p is a constant indicating the interaction level of neighboring arcs and
C(s) is the curvature gradient function defined as

C(s) = exp~ I VK(®) (2)

with k(s) refers to the curvature of arc I'(8). Term g(s) is the normalized inten-
sity gradient of arc I'(s). In the SN scheme, the expansion of saliency is based
on the number of non-active elements determined via a threshold of intensity
gradient. This approach is not adequate for realistic applications as the selec-
tion of the appropriate threshold before a good segmentation is a difficult task.
Therefore, the normalized intensity gradient is used in our measure to guide the
expansion of saliency so that elements with high intensity gradient can spread
their saliency farther.

Term v(s) is the view-dependent factor of I'(s) defined as v(s) = explcos(%:)l
with _
_ é—s) : bs

&z

cos(fs) 3)

Vector & denotes the orientation element at position s and ba refers to the beam
vector cross I'(s) as illustrated in Fig. 2(a). Because most erroneous boundaries
of US speckle noise are perpendicular to the beam axis as analyzed in Section 2,
function v(s) is introduced in our saliency measure as a perpendicularity penalty
function. If element & is perpendicular to the local beam axis, i.e. | cos(6s)| = 0,
it will be thought to be a lower salient element for it has a high possibility to be
along an erroneous speckle boundary.
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Fig. 3. Performances on three simple curves. Left: The saliency values calcu-
lated via the SN measure corresponding to N = . Right: The saliency values
calculated via the proposed saliency measure corresponding to p = 0.9. Because
the straight line has the same saliency value as the circle, their saliency traces
overlap in this diagram.

3.2 Properties of the Curvature Gradient Measure

To compare the properties of our saliency measure with the SN measure in
a quantitative manner, we analyze the behavior of them by applying to three
simple curves: a straight line, a circle and a catenary. First we compute the
saliency of these curves using the SN measure. We consider only curves with
no gaps such that o(s) = 1 and p(0,s) = 1 for all s. Because a straight line
has a constant curvature k(s) = 0, the saliency calculated using SN measure is
P, (I") = 1. For a circle of perimeter [, the curvature is a constant k(s) = 2n/L.
Therefore, the saliency of this circle is @, (") = 12/47? as derived in [12]. For
a catenary I' : y = cosh(z), its cesaro equation is k(s) = 1/(1 + s?). Using a
continuous formulation, the curvature term of the SN measure can be derived as

2
_ Skg £)dt _ 8 1 2 t __a.rctun(s)s +s4arctan(s)
C(0,s) = exp Jo K ma _ exp Jo Gy _ exp 2(1+s7) . @)

Then the saliency of this curve is computed by @4, (I") = fol C(0,s)ds. The
calculated saliency values of these curves at different lengths are shown in Fig.
3(a) from which we can observe that when the lengths of these curves are short
(I < 40), the straight line is found more salient than the other two because its
sum of curvature is zero and its saliency grows linearly with the length of the
line. This is consistent with the analysis that the SN measure favors straight
lines more than other curves. However, when at longer lengths (I > 40), the
preference of the SN measure changes and the circle is calculated as the most
salient curve among these three ones. This shows that the SN measure lacks
scale invariance. The above observations indicate that the SN method treats
these curves differently even if they are scaled uniformly.

When using our measure, we set p to 0.9. For simplicity, the intensity gradient
term g(s) and view-dependent term v(s) are both supposed to be 1 for all these
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(a) (b) (c) (d)
Fig. 4. An experiment on a liver US image. ( a ) The test image. ( b ) Edge

map obtained via canny operator. ( ¢ ) The salient map of SN method. ( d ) The
result of the proposed method.

experiments. Therefore, our saliency equation Eq. (1) becomes

l
am:Awams (5)

For the straight line, the curvature gradient C(s) = 1 as the curvature is 0 for
all arcs. Hence the saliency of a straight line of length [ is

-1
Inp

!
am=/f@: (6)
0
Because a circle has a constant curvature too, the curvature gradient is also
equal to 1. Thus, the saliency of the circle with perimeter { is similar to that of
the straight line, i.e. S(I') = (p' —1)/Inp. Then we consider the catenary. Its
curvature gradient is calculated as

C(s) = exp~|VEE) = exp_(l_«f;"ﬁf (7)

Therefore the saliency is

l l
S(F) = / PSC(S)ds = / ps e)(I)_(1_+Z:T)7 ds (8)
0 0

From the calculated saliency values shown in Fig. 3(b), we see that, as long
as they are at a same length (short or long), the straight line has the same
saliency as the circle. This satisfies our purpose that all salient structures with
the same length and smoothness should obtain the same saliency. Meanwhile,
it is noticed that the catenary is always less salient than the straight line and
the circle. The longer their lengths are, the more different are their saliency
values. The reason for this is that the catenary has higher curvature gradients
than the other two curves and our proposed measure favors long curves with low
curvature change rate. This novel saliency measure is computed via a proposed
local search algorithm developed in [8].
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(a) (b) () (d)

Fig. 5. An experiment on a brain US image. ( a ) The original US image. ( b) The
edge map obtained via the canny edge operator. ( ¢ ) The salient map of the SN
method. ( d ) The result of the proposed method.

4 Experimental Results

Before applying the proposed method to real US data, the characteristics of the
algorithm was first studied on several synthetic data as shown in [8]. Experimen-
tal results on real US data are shown in Fig. 4 and 5. The original test images
are shown in Fig. 4(a) and 5(a). The edge images derived by the canny operator
are shown in Fig. 4(b) and 5(b). They are undesirable for there are too many
erroneous edges due to the speckle noise in the test US images. Fig. 4(c) and
5(c) are the salient maps of the SN method. They are better than canny edge
maps for only long, smooth and strong boundaries were enhanced. The results of
our method are shown in Fig. 4(d) and 5(d). Compared to results of SN method,
the results of the proposed method had cleaner and thinner boundaries. This
is because our local curvature gradient measure avoided the influence of noise
more effectively than the curve accumulation measure. The local noise cannot
be spread to the whole curve. Fig. 6 shows two experiments on the US image
segmentation. We can observe that the preprocessing procedure has improved
the segmentation results effectively.

5 Conclusions

In this paper, based on a novel saliency measure, we have presented an adaptive
enhancement method for US images. One advantage of this method is that it can
reduce the speckle noise on US images adaptively by analyzing the local speckle
structures. Meanwhile, perceptual salient boundaries of organs are enhanced via
computing the proposed measure of perceptual saliency. Because of this curva-
ture gradient based saliency measure, our method can extract long, smooth and
unclosed boundaries and enhance more types of salient structures equally than
the SN method. Experiments show the proposed approach works very well on the
given image set. This is useful for image guided surgery and other computer vi-
sion applications such as image segmentation and registration. Further research
is needed to increase the searching speed of the proposed algorithm for real-time
applications.
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(a) (b) (c) (d)

Fig. 6. Two experiments on US images using the classical Level Set Method.
( a ) The segmentation on an original US image. ( b ) The segmentation result
using the enhanced US image. ( ¢ ) The segmentation on another original US

image. ( d ) The segmentation result using the corresponding enhanced US
image.
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Abstract. In this paper, we explore the usage of state space principles
for the estimation of activity map in tomographic PET imaging. The
proposed strategy formulates the dynamic changes of the organ activity
distribution through state space evolution equations and the photon-
counting measurements through observation equations, thus makes it
possible to unify the dynamic reconstruction problem and static recon-
struction problem into a general framework. Further, it coherently treats
the uncertainties of the statistical model of the imaging system and the
noisy nature of measurement data. The state-space reconstruction prob-
lem is solved by both the popular but suboptimal Kalman filter (KF)
and the robust Hy estimator. Since the H, filter seeks the minimum-
maximum-error estimates without any assumptions on the system and
data noise statistics, it is particular suited for PET imaging where the
measurement data is known to be Poisson distributed. The proposed
framework is evaluated using Shepp-Logan simulated phantom data and
compared to standard methods with favorable results.

1 Introduction

Accurate and fast image reconstruction is the ultimate goal for many medi-
cal imaging modalities such as positron emission tomography (PET). Accord-
ingly, there have been abundant efforts devoted to tomographic image recon-
struction for the past thirty years. In PET imaging, the traditional approach
is based on the deterministic filtered backprojection (FBP) method [3]. Typi-
cal FBP algorithms do not, however, produce high quality reconstructed images
because of their inability to handle the Poisson statistics of the measurements,
i.e. the counts of the detected photons. More recently, iterative statistical meth-
ods have been proposed and adopted with various objective functions, including
notable examples such as maximum likelihood (ML) [12], expectation maximiza-
tion (EM)[9], ordered-subset EM [2], maximum a posteriori (MAP) [10], and
penalized weighted lease-squares (PWLS) [4].

For any statistical image reconstruction framework, one must consider two
important aspects of the problem: the statistical model of the imaging system
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Fig. 1. Digital Shepp-Logan phantom used in the experiments (left) and scale
map (right)

and the noisy nature of measurement data. It is clear that an accurate statistical
model is a prerequisite for a good reconstruction [1]. However, all aforementioned
existing works do not consider the uncertainties of the statistical model, while in
practical situations it is almost impossible to have the exact model information.
In addition, these existing methods assume that the properties of the organs
being imaged do not change over time. In the dynamic PET, however, the activity
distribution is time-varying and the goal is actually to obtain dynamic changes
of the tissue activities [8].

In this paper, we present a general PET reconstruction paradigm which is
based on the state space principles. Compared to earlier works, our effort has
three significant novel aspects. First, our approach undertakes the uncertainties
of both the statistical model of the imaging system and the measurement data.
Secondly, our method formulates the dynamic changes of the organ activity dis-
tribution as state space variable evolution, thus makes it possible to unify the
dynamic reconstruction problem and static reconstruction problem into a general
framework. Finally, two solutions are proposed for the state space framework:
the Kalman filtering (KF) solution which adopts the minimum-mean-square-
error criteria, and the H,, filter which seeks the minimum-maximum-error es-
timates. Since the H,, principle makes no assumptions on the noise statistics,
it is particular suited for PET imaging where the measurement data is known
to be Poisson distributed. An evaluation study by using Shepp-Logan simulated
phantom data of our proposed strategy is described. Experimental results, con-
clusions and future work are also presented.

2 Methodology

2.1 State Space Representation

In emission tomography such as PET, the goal is to reconstruct the emis-
sion/radioactivity distribution z from the projected measurement data y (the
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photon counts). In general, the measurement of the emission scan can be de-
scribed by the measurement or observation equation:

y=Dz+e (1)

where zis a N, x 1vector and N, is the total number of image voxels, yis a
Ny x 1 vector and Ny is the total number of the detector pairs in the projection
measurement. D is a NyxN, detection probability matrix with it (¢, j)** element
value equals to the probability of detecting an event from the j** voxel recorded
by the ** detector pair, with consideration of the detector efficiency and the
photon attenuation. In addition, the measurement noise e models the uncertainty
of the measurement data, which mainly accounts for the presence of the scattered
and random events in the data, and we assume Ele(t)e(s)] = Red:s. We aim to
use the noisy observations y to recover the distribution x in some optimal sense.

The state equation of the imaging system, which describes the radioactivity
of the pixels, can be written in the form of

z(t+1) = Ax(t) +v (2)

with some initial activity xzo. The system noise v models the statistical un-
certainty of the imaging model, with E[v(t)v(s)] = Qudts- In general, Eqn. 2
represents the dynamic changes of the state variable z, and it reduces to the
conventional static reconstruction problem when the transition matrix A is an
identity matrix.

2.2 Kalman Filer Solution

The Kalman filter adopts a form of feedback control in estimation: the filter esti-
mates the process state at some time and then obtains the feedback in the form
of (noisy) measurements [6]. Hence, the time update equations of the Kalman
filter are responsible for projecting forward (in time) the current state and er-
ror covariance estimates to obtain the a priori estimates for the next time step,
while the measurement update equations are responsible for the feedback — i.e.
for incorporating a new measurement into the a priori estimate to obtain an
improved a posteriori estimate. And the final estimation algorithm resembles
that of a predictor-corrector algorithm for solving numerical problems.

A recursive procedure is used to perform the state estimation of Equations
(2) and (1) [5]:

1. Initial estimates for state Zg and error covariance P(0).
2. Time update equations, the predictions, for the state

27(t) = Az(t — 1) (3)
and the error covariance

P~(t) = AP(t — 1)AT + Qu(t) (4)
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Fig. 2. Reconstruction of Shepp-Logan phantom using noise-free measurement.
From left to right. Top: FBP results, ML-EM results. Bottom: KF results and
H results.

3. Measurement update equations, the corrections, for the Kalman gain
L(t) = P~ (t)DT(DP~(£)DT + Re(t))™! (5)
the state
2(t) =27 (t) + L(t)(y — D27 (¢)) (6)
and the error covariance

P(t) = P~ (t) = L(t)(DP~()D” + Re(t)) L™ (1) (7)

2.3 Hoo Solution

The Kalman filter requires the prior knowledge of the statistical properties of
the Gaussian state variables and noises, which may not agree with the noise
nature of PET measurement. Meanwhile, the mini-max Hy, strategy does not
impose such restrictions and only makes assumptions on the finite disturbance
energy. It is thus more robust and less sensitive to noise variations and modelling
assumptions [11].
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Fig. 3. Reconstruction of Shepp-Logan phantom using SNR = 15dB input data.
From left to right. Top: FBP results, ML-EM results. Bottom: KF results and
H_, results.

Along with the state and measurement equations, the required output equa-
tion of the H, filter is constructed as:

z(t) = Fx(t) (8)

where the output variable 2(t) is the linear combination of the kinematics states
z(t), and the entries of the known output matrix F are specified by the user. In
our case, F is just an identity matrix.

We adopt the Hy, filtering formulation of [11], which has a similar structure to
the Kalman filter but with different optimizing criteria. While the Kalman filter
calculates the estimation error using the Hz norm and minimizing the mean-
square error, the Ho, filter evaluates the error in terms of Hy, norm through the
performance measure:

1o l2(8) = 20120
”fb‘o - 370“2—1 + Et:o ('U(t)”N(t)  t ”e(t)”%’(t)‘l)

9)

with N(t), V(t), Q(t) and p, the weighting matrices for the process noise, the
measurement noise, the estimation error, and the initial conditions respectively,
and £, and 2, the a priori estimates of z, and z,. The denominator of J can be
regarded as the energy of the unknown disturbances, while the numerator is the
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Inputs [Methods mean =+ std
FBP | 0.0805 + 0.4081
Noise-free | ML-EM |6.43x10~7 + 0.3061
KF |1.81x1077 + 0.1471
Hoo |1.26x1077 + 0.1445

FBP 0.0905 + 0.4263
SNR=15dB|ML-EM | 0.0046 + 0.3361
KF 0.076 = 0.42

Hy 0.0085 £ 0.2479

Table 1. Comparative studies of estimated activity distribution. Each data cell
represents reconstruction error: the mean + standard derivation.

energy of the estimation error. Obviously, a desirable estimator is the one for
which this energy gain is small so that the disturbances are attenuated. Hence,
the H,, filter aims to choose the estimator such that the worst-case energy gain
is bounded by a prescribed value:

supd < 1/v (10)

where sup means the supremum and 1/+ is the noise attenuation level. The
robustness of the H, estimator arises from the fact that it yields an energy gain
less than 1/+ for all bounded energy disturbances no matter what they are.

We have adopted a game theoretic algorithm which can be implemented
through recursive updating of the filter gain K (¢), the Riccati difference equation
solution P(t), and the state estimates £(t):

K(t) = AP@)S(@#)DTV ()™ (11)
P(t+1)=AP(t)S(¢ )AT + N() (12)
2(t+ 1) = Az(t) + K(t)(y — Dz(t)) (13)

S@t) = (I —vQ@)P(t) + DTV(t)"' DP(t))™"
Q(t) = FTQ(t)F

It should be also noted that the weighting parameters (N(t), V(t), Q(t), po) and
the performance bound () should be carefully adjusted in order to fulfil the
performance criteria in (9).

3 Experiments and Discussion

An evaluation of the proposed frameworks is conducted to verify its capability to
faithfully and robustly reconstruct the attenuation map from the noisefree/noisy
measurements of the known activity distribution. An elliptical object is simu-
lated, with a constant activity and a Shepp-Logan phantom type attenuation
distribution, as shown in Fig 1 [7]. The sinograms has 34 radial bins and 120
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angles uniformly sampled over 180 degrees, which is labeled as the ideal mea-
surement data. SNR =15dB level of Poisson noise is then added to generate the
noisy data. With the state space algorithms using Kalman and H, filters, the
activity distribution is reconstructed from the simulated clean and noisy sino-
gram. In our current implementation, the process noise covariance matrix &y,
the measurement noise covariance matrix R,, and the H,, weighting parameters
N(t), V(t), Q(t), and p, are all set as diagonal matrices, and these values are
fixed during the estimation process. Experiments are also conducted using the
standard FBP and ML-EM methods [12] for comparison.

Fig.2 shows the estimated activity maps from the FBP, ML-EM, KF, and
H, algorithms, in which the initial values of the radioactivity distribution zg
are assigned to an identity matrix and the measurement data is noise-free. The
estimated maps using the SNR = 15dB noisy data are shown in Fig. 3.

A detailed statistical analysis on the estimation results against the ground
truth phantom map is performed. Let # be final reconstruction results and z¢
be the ground truth, we have the following error definitions:

mean = Nip Z(aﬁ' — Tir) (14)
0.5
std = ( N,,l— - > (@ - xtr)z) (15)

The analysis results are summarized in Table 1. For the noise-free data, the
H, algorithm gives the best result among the four strategies. For the noisy data,
however, the ML-EM gives result with somewhat smaller mean error. Neverthe-
less, it is clear that the H results have smaller, and thus desired, variances for
both clean and noisy data.

We want to point out that, in our current implementation for noisy cases, the
noise covariance matrices @, and R, (KF framework), as well as the weighting
parameters and the performance bound v (H. framework), are set to some
empirically fixed values, which are not optimal. Ideally, these parameters should
be adaptively updated during the estimation process, similar to the ML-EM
algorithm, especially for realistic problems. While improvement of the results
are expected from such procedure, detailed investigation on this issue is still
underway.

4 Conclusion

In this paper, we have presented a state space framework for estimation activity
maps from tomographic PET measurement data. Our approach adopts a robust
system identification paradigm, and is derived and extended from the KF and
H, filtering principles, where the latter is particularly suitable for PET imaging
reconstruction where the measurement data is known to be Poisson distributed.
Analysis and experiment results with Shepp-Logan simulation phantom data
demonstrate the power of the new proposed method.
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Abstract. Liver segmentation is an important task in the development of
computer-aided multi-phase CT diagnosis system of liver. This paper presents a
new approach for segmenting liver from multi-phase abdominal CT images
using ICA mixture analysis. In particular, we use the variational Bayesian
mixture of ICA method [1] to analyze three-dimensional four-phase abdominal
CT images. The analysis results show that the CT images could be divided into
a set of clinically and anatomically meaningful components. As to our concern,
the organs that surround the liver and have similar intensities, such as stomach,
kidney, are nearly completely separated from the liver, which makes the
segmentation become much easier than on the original CT images.

1 Introduction

The rapid development of medical imaging technologies allow physicians to glean
potentially life-saving information by peering non-invasively into the human body. At
the same time, several hundreds of slice images per patient become a heavy burden
for physicians to efficiently grasp all the useful information, especially in multi-phase
CT diagnosis. The development of medical imaging technology is rapidly going
towards more advanced computer-aided systems.

Liver segmentation is an important task in the development of the computer-aided
diagnosis system for multi-phase CT diagnosis. Although modern imaging devices
provide exceptional views of internal anatomic structures, the use of computers to
quantify and analyze the embedded structures with accuracy and efficiency is still
limited. The difficulty in liver segmentation comes from the fact that the surrounding
tissues, such as stomach and muscle, have similar CT values and sometimes contact
with each other, which may cause the boundaries of liver to be indistinct and
disconnected. Traditional low-level image processing techniques that consider only
local information can make incorrect assumptions and generate infeasible object
boundaries. On the other hand, deformable models appear to give promising results
because of their ability to match the anatomic structures by exploiting constraints
derived from the image together with prior knowledge about the location, size, and
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shape of these structures. However, due to the variability and complexity of human
anatomical structure, it is still difficult to achieve a satisfying result in some
complicated situation.

Independent component analysis (ICA) is one of the most powerful tools in
multivariate analysis. It has attracted a great of research interests in medical signal
and image processing. The examples include in EEG, ECG de-noising and removing
artifacts, coloring multi-channel MR imaging data, extracting blood vessel-related
component from dynamic brain PET images, and fMRI data analysis, etc. In this
paper, we use the recent development of ICA mixture model to analyze four-phase
abdominal CT images for finding the latent meaningful components. ICA mixture
model was first formulated by Lee et al. in [2], in which it is defined as that the
observed data are categorized into several mutually exclusive classes, and the data in
each class are modeled as being generated by a linear combination of independent
sources. It relaxes the assumption of standard ICA that the sources must be
independent, and shows improved performance in data classification problems [3].

Four-phase abdominal CT images are taken at different phases before and after the
contrast material injected. It is often used as an effective measure for tumor detection.
ICA mixture analysis results show that the CT images could be divided into a set of
clinically and anatomically meaningful components. We have reported our
experimental finding in [4] that the ICA mixture model could significantly increase
the contrast of tumor area with its surrounding tissue so that increasing its detect-
ability. In this paper, we discuss its application in three-dimensional liver
segmentation. In the subsequent pages of this paper, the ICA mixture model used in
this paper is briefly introduced in section 2. Section 3 presents the ICA results. In
section 4, we discuss its application in liver segmentation. At the last is the
conclusion.

2 ICA Mixture Model
2.1 ICA Mixture Model

Let us first recall the ICA model: x=As, where x={",n=1-- N} is the K-
dimensional vector of the observed variables, s={", n=1,---,N}is the L-dimensional
vector of latent variables that are assumed non-Gaussian and mutually independent,
and A is an Kx L unknown mixing matrix. In signal processing nomenclature, K is
the number of sensors and L is the number of latent sources. The observed data x is
expressed as generated by a linear combination of underlying latent variables s, and
the task is to find out both the latent variables and the mixing process.

Comparatively, ICA mixture model is defined as that the observed data x are
categorized into several mutually exclusive clusters, and the data in each cluster are
modeled as being generated by a linear combination of independent sources. Suppose
a C-cluster model, then the observed variables x is divided into {¢, €x, ¢=1---C}, and
the variables in each cluster x, are generated by linearly transforming an unobserved
source vector s, , of dimension L, with added Gaussian noise e,[1],

x,=As.+y.+e, )
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where y, is an K-dimensional bias vector, and e, is K-dimensional additive noise.
Note in the ICA model, we supposed a noise-free model, and the bias term is also
omitted because it could be easily deducted from the observed variables by removing
the means. Equation (1) acts as a complete description for cluster ¢ in the data density.
The bias vector, y,, defines the position of the cluster in the K-dimensional data
space, A, describes its orientation and s, describes the underlying manifold. The
noise, e, , is assumed to be zero-mean Gaussian and isotropic [1].

In the ICA mixture model, the probability of generating a data vector x” from a C-
component mixture model given model assumptions M is described by [1]:

c @
PG"| M) = 3 p(d| My)p(x"| M,.0)

A data vector x" is generated by choosing one of the C components stochastically
under p(c|M,) and then drawing from p(x"|M_,c). M={M,, M,,---,M_ }is the
vector of component model assumption, M,, and assumption about the mixture
process, M, . The variable ¢ indicates which component of the mixture model is
chosen to generate a given data vectorx”. p(c|M,) is a vector of probabilities.
p(x"|M_,c) is the component densities and assumed to be non-Gaussian. The
mixture density p(x"| M) is known as the evidence for model M and quantifies the
likelihood of the observed data under model M.

2.2 Variational Bayesian Mixture of ICA

In [2], Lee et al. proposed the ICA mixture model and used the extended Infomax
algorithm [5] to switch the source model between sub-Gaussian and super-Gaussian
regimes, the parameters of the model were learned by using gradient ascent to
maximize a log-likelihood function. The variational Bayesian mixture of ICA method
(vbmoICA) used in this paper has the characteristics that are different from Lee’s
method in two aspects. The first is that, instead of a predefined density model,
vbmoICA uses a fully adaptable mixture of Gaussians as the ICA source model,
allowing complex and potentially multimodal distributions to be modeled. The second
difference is that the ICA mixture model is learned under Bayesian framework, which
is carried through to the mixture model. This allows model comparison, incorporation
of prior knowledge, control of model complexity thus avoiding over-fitting.

In particular, a variational method [6] is used because the Bayesian inference in such
a complex model is computationally intensive and intractable. Variational method is
an approximation approach for converting a complex problem into a simple problem.
In the vbmolICA, it approximates the posterior distributions by constructing a lower
bound on it, and attempts to optimize this bound using an iterative scheme that has
intriguing similarities to the standard expectation-maximization algorithm. The
parameters of the model are learned by alternating between estimating the posterior
distribution over hidden variables for a particular setting of the parameters and then
re-estimating the best-fit parameters given that distribution over the hidden variables.
Due to space limit, the details of learning rules are referred to [1].
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Fig. 1. An example of the four-phase CT images (the 22nd slice). From left to right they are the
pre-contrast, early, portal, and late phase, respectively. The four images are displayed within
the range from -110 to 190 H.U.

3 Analysis of Abdominal CT Images

3.1 Test Materials and Procedures

The test materials are a set of multi-phase CT images of human abdomen. The data
were provided by the National Cancer Center Hospital East, Japan, which were
collected at four phases before and after contrast material injected. They are called the
pre-contrast, early, portal and late images, respectively. The dimensions are
512 x 512 x 154 ~ 267, spatial resolution is 0.546 ~ 0.625 mm, and the space between
slices is 1 mm. The later three phase images were firstly registered to the early phase
CT by template matching of the center of spine [7]. Then the four CT images were
transformed to make each voxel to be cubic. The four images were compressed by
one-third, and furthermore trimmed to 116x170x86 by removing the volume that
contains air only. Fig.1 shows one example of the four-phase CT images.

The structure of model could be decided by calculating a term called negative free-
energy (NFE) in the vbmoICA. In the analysis, we experimentally set the number of
clusters equals to four, and the number of independent components (IC) within each
cluster equals to three. Because the dataset is quite big, we remove the voxels of
which the CT intensities are lower than -900 H.U, which correspond to the air and
some artifacts outside the body contour. The four images are then vectorised into four
channels and used as the observed variables in the ICA mixture model. Eighty
thousands samples are randomly drawn from the whole dataset and are used to learn
the parameters of the model as well as the probability distributions of independent
components. The learned model is then used to classify the whole dataset, and
decompose each cluster into the corresponding independent components, which
corresponds to the source vector s, in Eq. (1). Then we put back the removed voxels
accordingly and recover the derived one-dimensional ICs into three-dimensions.

3.2 ICA Analysis Results

Figure 2 shows a slice of the derived independent components, which are
corresponding to the original CT images showed in Fig.1. As we assume a four-
cluster model and each consists of three ICs, totally we got twelve features. The
presented independent features are very meaningful. The first row of ICs (1-3)
comprises a cluster in which vessels, spine, stomach and spleen are included. It is
noted that the reason why spleen and stomach are not so apparent is just because we
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display these features at their full intensity ranges, respectively. The second class of
ICs that consists of the components numbered (4-6) appear to be responsible for
generating the liver, the muscle and fat tissue at periphery of body. The third class of
ICs (7-9) appear to be responsible for generating the lung, where the ribs seem to be
classified into the forth cluster (10-12).

10 n 1z

Fig. 2. A slice of the derived independent components, which corresponds to the original CT
slice shown in of Fig.1. From top to down, each row consists of three ICs and comprises a
cluster. These ICs are displayed at their full intensity ranges, respectively.

Because there are registration errors between the four images, the clusters have not
been perfectly classified by the organ. For example, the third class of ICs actually
only constitute a part of the lung, precisely speaking, they constitute the overlapped
area of lung between the four-phase images. Simultaneously, the fourth cluster
includes some voxels that belong to lung. The situation is similar for liver. In the
preprocessing step, we simply used a template matching method for the registration.
We once tried some other methods like using polynomial transform with mutual
information as the metric, but achieved no better result. A good registration approach
between abdominal medical images is not only important to the topic in this paper,
but also important for some other purposes. It is to be discussed in next section.
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Fig. 3. Comparison of the derived independent component (lower row) with the portal phase
CT image (upper row). The column drawings, from left to right, are the slices of 15%, 34%, 47
and 55", respectively. The organs of left kidney, stomach, left lung that contact with liver are
excluded in the cluster, which highlights the liver. The gallbladder is included in the cluster, but
its contrast with liver has been increased.

4 Applications in Liver Segmentation

The anatomically and clinically meaningful results as shown in Fig.2 imply the
prospects in various potential applications. Here we discuss its application in
segmentation. Fig.3 shows several slices at different depths comparing to the
corresponding portal phase CT images, respectively. As to our concern of liver
segmentation, the most attractive point to us is that the organs such as stomach, lung,
kidney that surround the liver are classified into other clusters, or in other word, they
have been nearly completely separated from the liver. This releases the most difficult
problem in liver segmentation that the surrounding tissues like stomach may contact
with liver and has nearly the same intensity value, and consequently makes the
segmentation becomes much easier than on the original CT images. We simply use
binarization processing, and followed by the morphology operations of closing and
opening, each once, to extract the liver area. Fig.4 shows the extracted boundary of
liver that are displayed on the four-phase original images at two different depths,
respectively. The boundary at the 47th slice (upper row in Fig.4) is extracted quite
well, where the boundary at the 22nd slice (lower row in Fig.4) is under-extracted.

The problem in using ICA mixture model for liver segmentation is that it seems to
only extract the overlapped area between the livers in the four images. If there exists
error in registration, some voxels that are close to the boundary may be classified into
the cluster that emphasizes the other organs. One example could be found in Fig.2-11,
in which the arc-shaped white object in the left of the image, roughly speaking,
should be a part of lung for portal phase image and be a part of liver in other three
phases. In such case, segmentation may be good at a certain phase, and may be under-
extracted at some other phases. The lower row of Fig.4 is just such an example. The
extracted boundary segments the liver area in the portal phase well, but is smaller than
the liver areas in other three phase images.
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Fig. 4. Examples of segmentation result. From left to right are the pre-contrast, early, portal
and later phases respectively. The upper row shows a good example at 47th slice. The lower
row is under-extracted (except for the portal phase) at 22nd slice due to the registration error.
Note in the lower drawings, the concavity at the left-up side of contour is result from a tumor
at there, which could be seen in Fig.1 and clearly be found in the second row of Fig.2.

The reason why the extracted boundary at 47th slice is good but at 22nd slice is
inadequate is thought mainly due to the fact that the variation of lung has no direct
effect on the former but affects the later greatly. Although the multiple-phase
abdominal CT images are taken when the patients are in still condition, the time
needed is normally longer than a breath. When the patient breathes in or out, the
shape as well as the pressure from lung changed, and at the same time the organs that
contact with lung (e.g. liver, spleen, etc.) are deformed due to the changing pressure
from the lung. The variation of lung and the consequent variation of inside organs are
cooperative but in an “inverse” manner. This implies that global transform is not
suitable for the registration task. On the other hand, capture range might be a problem
for the registration methods using local transforms because the variation is large.
Furthermore, due to the large variability and complexity of anatomic structure, it is
quite difficult for the currently developed metrics to lead the transforms to a good
registration. It might be an easier way to do the job in a hierarchical way that to
register only the lung at the first, and use fully the information from the variation of
lung into the subsequent registration of the inside organs. This will help to decrease
the complexity in part, and at least be helpful to the concerned segmentation of liver.

5 Conclusions

We adopt the variational Bayesian mixture of [ICA method on four sets of images, and
all achieved similar meaningful results. The reason why ICA mixture model can
achieve such a meaningful results, for example the cluster that emphasizes liver could
exclude the stomach that has similar intensity value, is not much clear. The
explanation could be given is by Choudrey et. al. in [1] that the clusters in the model
are learned to be represented by their own local coordinate systems that are
constructed under the independent assumption.
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The anatomically meaningful features make us believe that ICA mixture model can
be used as an efficient tool in various medical image processing tasks. It is proved
useful in this paper to use the derived independent component for a better
segmentation. As to our concern, when the breath is steady, it is readily to obtain an
adequate segmentation of liver. If the variation of lung is large, there will appear
some errors, especially at the upper part of liver that contact the liver. Currently, we
are working on development of a hierarchical registration method that taking into
consideration the variation of lung due to breath. Our subsequent works include the
development of computer-aided multi-phase CT diagnosis system of liver, and the
application of ICA mixture model to other medical image processing tasks are also
interested to us.

Acknowledgement

This work is supported in part by the Grant-in-Aid for Scientific Research on Priority
Areas: Intelligent Assistance in Diagnosis of Multi-dimensional Medical Images,
from the Ministry of Education, Sports, Culture, Science and Technology, Japan.

References

[1] Choudrey R.A, Roberts S.J: Variational mixture of Bayesian independent component
analyzers. Neural Computation, vol. 15(1), Jan. 2003.

[2] Lee T.W, Lewicki M.S: Upsupervised image classification, segmentation, and enhancement
using ICA mixture models. IEEE Trans. on Image Processing, vol. 11, No. 3, pp. 270-279,
March 2002.

[3] Lee T.W, Lewicki M.S, Sejnowski T. J: ICA mixture models for unsupervised classification
and automatic context switching. Proceeding of International workshop on Independent
Component Analysis, pp. 209-214, 1999.

[4] Hu X-B, Shimizu A, Kobatake H, et al: Independent component analysis of four-phase
abdominal CT images. Proc. of MICCAI2004 (to appear).

[5] Lee T. W, Girolami M, Sejnowski T.J: Independent component analysis using an extended
infomax algorithm for mixed sub-Gaussian and super-Gaussian sources. Neural
Computation, vol. 11, no. 2, pp. 409-433, 1999.

[6] Attias H: Learning parameters and structure of latent variable models by variational Bayes.
Electronic Proceedings of the Fifteenth Annual Conference on Uncertainty in Artificial
Intelligence (UAI1999), http://www?2.sis.pitt.edu/"dsl/UAl/uai.html.

[7] Hitosugi T, Shimizu A, Tamura M, et al: Development of a liver extraction method using a
level set method and its performance evaluation. Journal of Computer Aided Diagnosis of
Medical Images, vol. 7, No. 4-2, Jun. 2003 (in Japanese).



Extracting Pathologic Patterns from NIR Breast Images
with Digital Image Processing Techniques

Kaiyang Li', Yan Xiang’, Xuandong Yang', and Jiming Hu'

' Lab of Biomedical Engineering, Department of Physics, Wuhan University, China,
| ky@vhu. edu. cn
* Department of Biomedical Engineering
Kunming Science and Technology University, China
yansunn_whu@ohu. com

Abstract. With a method of digital image processing including a variety of
units, e.g., Laplacian filters, rank value filters, edge detectors, gain units and
summation units, some pathologic patterns can be extracted from near-infrared
(NIR) breast images. These pathologic patterns express the structural and the
vascular information of mammary tissue. The information is concealed in pri-
mary NIR breast images, and not appear in common condition. The analysis by
these pathologic patterns combined with the primary images, the possibility of
false positive and false negative diagnosis is reduced, as results, and the diag-
nosis on breast diseases is improved obviously.

1 Introduction

The incidence of breast cancer is increasing and it will be the most common malig-
nant tumor in the world, so diagnosis and recognition of breast cancer is so important.
The first clinical result on optical transillumination imaging of the female breast has
been performed as far back as 1929 [1]. The contrast can be improved by recording a
photographic image of the transilluminated light at NIR wavelengths [2]. A model
system named telediaphanography was described by Watmough DJ [3]. Since the
resolution is very low (about 2 cm), and only very large tumors (or those near the
surface) are detectable, transillumination techniques yield a low sensitivity and speci-
ficity. The low specificity results in many women without cancer to be recommended
to undergo breast biopsy due to false-positive findings. Conversely, the limited sensi-
tivity leads that some cancers are difficult or impossible to detect until the tumor is
large [4].

At present, two types of the developed NIR imaging techniques have been studying
on frequency-domain [5] and time-resolved [6]. Different from the two techniques, a
practicable method of digital image processing to extract some specific information
from primary NIR breast images was developed in this paper. Two of operators based
on a method of digital image processing available for NIR breast images are repre-
sented.

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 62-69, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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2 Materials and Methods

2.1 NIR Breast Imaging and Diagnosis

1466 stochastic clinical female patients were diagnosed with self-made NIR breast
diagnostic prototype in the tumor institute of Hubei province, P. R. China from Jan.
2001 to Dec. 2001. Age range of patients was 18-76 (average age was 46). All pri-
mary NIR breast images were processed with the method of digital image processing
and then analyzed. 76 cases estimated to be breast cancer were scheduled for biopsy.
Final conclusion of diagnosis was based on the results of pathology.

2.2 Review of Principles of the Method

The adopted method employs a variety of digital image processing units, including
Laplacian filters, rank value filters, edge detectors, gain units and summation units
etc. The various units are combined to produce different operator, each operator pro-
duces a desired visual effect. Two of operators are applied to the NIR breast diagno-
sis.

In the following discussion, we assume that the image is a digital image. In an x-y
coordinate system, a digital image is denoted by P.sub.(x, y), where x and y are the
coordinates for the particular pixel in the image. P denotes the intensity of the pixel.

Laplacian Filter. An example of a Laplacian filter is given by equation (1):

P.sub.2 (x, y)=4P.sub.1 (x, y)-P.sub.1 (x-1, y)-P.sub.1 (x+1,y)- (€3]
P.sub.l (x,y-1)-P.sub.1 (x, y+1).

The Laplacian filter overall has an effective image-sharpening or detail enhancement
effect.

Rank Value Filter. All the pixels in the selected neighborhood are ranked from
smallest to largest in intensity. The center pixel in the neighborhood is then replaced
with the pixel value that has a specified rank. For example, a median rank filter
replaces the center pixel with the pixel value that represents the middle or median
rank.

Edge Detector. It outputs a high value when there is a sharp change in image
intensity and outputs a low value in areas of constant intensity. The output of an edge
detector is useful for emphasizing or de-emphasizing the edge content in an image.
Edge detectors in common use are the edge magnitude detector, the Sobel Edge De-
tector, the Compass Gradient Edge Detector, the Laplacian Edge Detector, the Rob-
erts Edge Detector and the Difference of Gaussians Edge Detector.
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Other Units. Gain unit is to simply multiply the intensity of each pixel by a constant
gain, denoted G. This is presented by an equation (2):

P.sub.2 (x, y)=GP.sub.1 (x, y). 2)

Summation Unit. It is to add two images together as, by the equation (3):
P.sub.3 (x, y)=P.sub.1 (x, y)+P.sub.2 (x, y). 3)

2.3 Appling the Method to NIR Breast Diagnosis

In some primary NIR breast images, malignant manifestation does not appear clearly
and results in false negative diagnosis likely. On the contrary, some primary images
of benign focus are similar to malignant lesion and results in false positive result
likely. The above-mentioned digital image processing units have been combined to
produce a variety of operators. Two of operators are applied to the NIR breast images
to improve the reliability of breast diagnosis. One is known as glowing edges opera-
tor, which can produce a visual glowing edges effect and extract edges of the NIR
breast image. Another is called as wrapping vessels operator, which can result in a
visual effect of sharpening mammary blood vessels and highlight some tiny or fuzzy
vessels. The pathologic patterns obtained by applying the two operators to NIR breast
images express the structural and the vascular information of mammary tissue respec-
tively.

The Glowing Edges Operator. Edges are elemental features of image. As to medical
images, to extract structural features of the interest objects from images is required.
An improved Sobel edge detector is the central unit of the glowing edges operator. In
a digital image {P.sub. (x, y)}, Sobel edge detector is defined as equation (4):

A=[P.sub.1 (x-1, y+1) +2P.sub.1 (x-1, y) +P.sub.1 (x-1, y-1)]- 4)
[P.sub.l (x+1, y+1) +2P.sub.1 (x+1, y) +P.sub.1 (x+1, y-1)]

B=[P.sub.1 (x-1, y-1) +2P.sub.1 (x, y-1)+ P.sub.1 (x+1, y-1)]-
{P.sub.1 (x-1, y+1)+2P.sub.1 (x, y+1) +P.sub.1 (x+1, y+1)]

S(y)=(A™+B)"”.

This method may lose some edges whose magnitude is less. To eliminate the possibil-
ity of data overflowing, we use an attenuation factor to divide the calculated result.
By this means, we can get a non-anamorphic gray-level edge image and retain all
edges of the image. This is presented by an equation (5):

S(x,y)=(A%+B%!? /Scale . (5)

The luminance contrast of the image is determined by the anatomic and pathologic
state of the breast. The density of a normal breast is homogeneous and the images
show homogeneous optical features. So the gray-value distribution of a normal NIR
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breast image is ordered and the pattern formed by applying the glowing edges opera-
tor to a primary normal breast image can express regular edge lines. On the contrary,
as to a malignant focus, no matter it is ductal carcinoma or lobular carcinoma, its
structures has been greatly different from the other locations. So the gray-value dis-
tribution of a malignant tumor location is disordered and the processed image can
express the pattern that extracted edge lines tend to be irregular compared with the
other locations. A primary breast cancer image is shown in Fig.1A, in which there is a
light shadow region (marked by an arrow; the denotation is adopted in all images).
The processed image with the glowing edges operator is shown in Fig.1B. The corre-
sponding region marked by the arrow shows the pattern that extracted edge lines tend
to be disordered. In the other parts divided by the blood vessels, edge lines form well-
regulated curves, some of which seem to be a series of concentric circles on the
whole. These patterns show that the shadow part is a malignant tumor region while
the others are normal.

Fig. 1 Images of breast cancer. A is primary image, in which a light shadow region can be
seen. B is the processed image with the glowing edges operator, in which the corresponding
region shows the pattern that the edge lines tend to be disordered. In the other parts of B, edge
lines form well-regulated curves, some parts seem to be a series of concentric circles on the
whole.

Fig. 2 Images of breast cancer. A is the primary image, in which there are some thick, crook
blood vessels, but the tiny blood vessels are obscured by the shadow region. B is the processed
image with the wrapping vessels operator, the tiny vessels and fuzzy vessels in the interest
region is observed easily.

The Wrapping Vessels Operator. Malignant tumors might have high blood volume
with low oxygen saturation since both a higher blood content and higher metabolism
are necessary to achieve tumor growth in proliferating tumor tissue [7]. Increased
blood volume associated with a rapidly growing tumor is the main cause of the in-
crease of absorption in the malignant tumor relative to the background tissue [4]. In
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the primary image of a malignant tumor, the blood vessels are generally thick,
crooked and there are many tiny blood vessels obscured by the shadow region. The
wrapping vessels operator can highlight some tiny vessels or fuzzy vessels in the
shadow. Anisotropic gradient edge detector and median rank filter are the central
units of the wrapping vessels operator. The primary image and the processed patterns
of an early stage cancer are illustrated in Fig.2.

3 Results and Discussion

By means of the above-mentioned two operators, the pathologic patterns of 1466
cases were analyzed. 76 cases among them were estimated to be cancers, and 73 cases
were certified to be malignant tumors by the pathological analysis of surgical sec-
tions. The other three cases were active hyperplasia, indistinct duct hyperplasia (pre-
cancerous lesions) and benign tumor respectively. Moreover, we diagnosed some
benign neoplasms with the two operators, which accorded with the pathological re-
sults.

To sum up, in the course of diagnosing cases with the two operators, primary and
processed images of different breast diseases expressed some specified features.
Based on the analysis of these features, some false positive and false negative diagno-
ses were avoided. Representative cases presented in the following were sorted: ma-
lignant neoplasms and precancerous lesion or early stage cancer.

3.1 Malignant Neoplasm

Carcinoma of the breast is divided into noninvasive and invasive. Noninvasive carci-
noma is epithelial proliferation confined to the terminal duct lobular units, has not
invaded beyond the basement membrane and is therefore incapable of metastasis.
Invasive breast carcinoma is breast tumor that has extended across the basement
membrane and is thereby a lethal outcome. The cell abnormality of different types of
carcinoma appears diverse characters, which determine the diversity of images. The
malignant focus of a NIR breast image is based on features of the shadow, the blood
vessels and the location relationship between shadow and blood vessels.

Firstly, features of the shadow: a typical primary image was shown as Fig.3A,
the interest region was deep shadow; gray-value distribution of the shadow was not
homogeneous, the center was deeper than the boundary and the boundary of the
shadow was ambiguous generally. About 60% primary images were typical. In an
untypical primary image shown as Fig.4A, the shadow was very faint, similar to the
image of hyperplasia. In some cases, there only was a little starlike shadow owing to
the smallness of the focus, it was shown as Fig.5A. The images processed by the
glowing edges operator expressed that extracted edge lines of malignant focus tent to
be irregular compared with the other locations of the image (shown as B of Fig.3-
Fig.5).

Secondly, features of blood vessels as follows: 1) there were crooked, thick
blood vessels in the periphery of shadow; 2) the shadow was surrounded by blood
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vessels; 3) a section of blood vessel in the shadow appeared flocky; 4) there were tiny
filiform blood vessels in the shadow; 5) blood vessels intersected or decussated in the
shadow; 6) a thick blood vessel derived from inner part or edges of the shadow. The
wrapping vessels operator can extract many tiny blood vessels obscured by the
shadow region. They were shown in C of Fig. 3-Fig 5. In addition, the wrapping
vessels operator made blood vessels in the periphery of shadow clearer than those in
the primary image.

Fig. 3 Images of breast cancer. A is the primary image, in which the deep shadow near the
nipple is surrounded by a thick blood vessel on one side. B is the processed image with the
glowing edges operator, in which the edge lines in the corresponding region are scattered and
unsystematic compared with the other parts. C is the processed image with the wrapping ves-
sels operator, in which some separate blood vessels are extracted in the corresponding region.

Fig. 4 Images of breast cancer. A is the primary image, in which blood vessels decussated in
the light shadow. B is the processed image with the glowing edges operator, in which the edge
lines in the corresponding region are a little disordered, compared with the other locations. C is
the processed image with the wrapping vessels operator, in which extracted blood vessels in the
corresponding region become clearer than those in A.

Fig. 5 Images of breast cancer. A is the primary image, in which a thick blood vessel derived
from the light shadow. B is the processed image with the glowing edges operator, in which the
edge lines in the corresponding region are disorganized compared with the other locations. C is
the processed image with the wrapping vessels operator, in which some tiny separate blood
vessels are extracted in the corresponding region.
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3.2 Precancerous Lesion or Early Stage Cancer

Due to malignant focuses of some early stage cancer were too small to be shown,
there is not typical malignant manifestation in primary images. The processed images
with two operators expressed different typical features of pathologic changes in fo-
cuses.

Active Hyperplasia. There is a light shadow near the nipple in Fig.6A. In the
processed image with the glowing edges operator (Fig.6 B), the edge lines in
corresponding region are irregular. In Fig.6C, these blood vessels extracted in the
interest region reveal some pathological changes. Therefore, the patient was estimated
likely to suffer certain malignant changes. The pathological section acquired by the
operation certified that it was active hyperplasia.

Fig. 6 Images of active hyperplasia. A is the primary image, in which the shadow near the
nipple is very light. B is the processed image with the glowing edges operator, in which the
edge lines in the corresponding region are distorted compared with the other locations. C is the
processed image with the wrapping vessels operator, in which thick, crook blood vessels are
extracted in the corresponding region.

Fig. 7 Images of atypical duct hyperplasia. A is the primary image, in which there is a blood
vessel passing through the light shadow region. B is the processed image with the glowing
edges operator, in which the edge lines in the corresponding region are irregular compared with
the other locations. C is the processed image with the wrapping vessels operator, in which
blood vessels extracted in the interested region are unwonted.

Atypical Duct Hyperplasia. In the primary NIR image (Fig.7A), there is a blood
vessel passing through the light shading and the borderline of the blood vessel is
slightly coarse in the interest region. Fig. 10B shows the processed image with the
glowing edges operator. The edge lines in corresponding region are slightly disor-
dered and cannot form regular concentric circles partly. The feature in Fig.7B demon-
strated that tissues in the interest region are abnormal. Fig.7C shows the processed
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image with the wrapping vessels operator. The blood vessels extracted in the inter-
ested region are unwonted. According to the characters of the three images, we esti-
mated that there are some pathological changes in the breast and the changes are
likely to be malignant. The pathological section of the breast acquired by the opera-
tion certifies that it is an indistinct duct hyperplasia, a precancerous lesion.

4 Conclusions

We have diagnosed 1466 clinical patients with NIR breast imaging. Applying the
method of digital image processing to these NIR breast images, we analyzed the pri-
mary and processed images by comparison. We estimated 76 cases to be cancers
among 1466 clinical cases, and 73 cases were certified to be malignant tumors by the
pathological examination. Without the method, only based on primary images, the
possibility of false positive and false negative was high. Bases on the method, we
have avoided the performance of some biopsies for benign lesions and founded some
precancerous lesion or early stage cancer. It can be concluded that with the method of
digital image processing, the reliability of diagnosing mammary diseases can be
raised obviously.
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Abstract. MR Spectroscopic imaging plays a more and more important role in
clinical application. In this paper, we make comparison on two MRSI technolo-
gies and data reconstruction methods. For the conventional phase-encoded
spectroscopic imaging, the data reconstruction using FFT is simple, but the data
acquisition is very time consuming and thus prohibitive in clinical settings.
Sensitivity-encoded SI is a new parallel approach of reducing the acquisition
time by reducing the necessary spatial encoding steps with multiple coils. It
uses the distinct spatial sensitivities of the individual coil elements to recover
the missing encoding information in reconstruction. Fourfold reduction in scan
time can be achieved when the factor of R, and Ry are both 2, with no com-

promise in spectra and spatial resolution. These improvements in data acquisi-
tion and image reconstruction provide a potential value of metabolic imaging
using SENSE-SI as a clinical tool.

1 Introduction

MR spectroscopic imaging (MRSI, SI) is a completely noninvasive imaging method.
In contrast to magnetic resonance imaging (MRI), MRSI can present information in
the form of metabolite maps, which represent not only simply anatomy but also local
metabolic states or local tissue abnormalities [1]. It shows great promise for use in
basic physiological research and for clinical imaging of metabolic function. SI has
been proposed as a method to localize and assess brain tumors [2], multiple sclerosis,
and temporal lobe epilepsy [3].

In vivo SI suffers generally from long imaging time and poor signal-to-noise ratio
(SNR), because of a combination of a weak MR signal and low metabolite concentra-
tions. Low SNR limits the technique’s ability to detect metabolite abnormalities in
subjects. Therefore, an increase of speed and SNR is a key factor in the success of
many MRSI applications.
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For the conventional phase encoding spectroscopic imaging (PHASE-SI), the data
reconstruction using FFT is simple. But the data acquisition is very time consuming
and thus prohibitive in clinical settings [4]. In the past ten years, many approaches
have been proposed and implemented for faster MRSI. Correspondingly, a lot of
reconstruction methods have also been proposed. The majority of fast SI methods are
based on fast MRI sequences to accelerate data sampling, in which the signal is ac-
quired under a time-varying readout gradient. All signals from at least one whole slice
of k-space are acquired within the TR, e.g., from a (k, —¢) plane using echo planar

spectroscopic imaging (EPSI) [5] or from a (k_— k,) plane using spiral SI [6], and so

on. Because sampled data points are not on a rectilinear grid, special reconstruction
algorithms are required. EPSI reconstruction uses shift of odd and even echoes [5].
Spiral SI uses gridding FFT [7]. However, there are some restricts. EPSI requires
rapidly switching gradient field and strong power provide system. For spiral method,
the smoothing effects of gridding kernel will deconvolve in the image domain, thus
will affect the resolution of image. And now, a new parallel imaging technique based
on sensitivity-encoded (SENSE) has arisen [8-11]. SENSE-SI applies coil arrays for
parallel data acquisition to reduce the acquisition time by reducing the number of
sampled k-space points in the spatial frequency domain [12]. In the process of data
reconstruction, it uses the distinct spatial sensitivities of the individual coil elements
to recover the missing encoding information [13].

2 Theory
The collected raw signal equation in SI is given by
K
MUk, k)= [ | me(xy)expliznthx+ k) expl(-A, +io, Wiy )
k=1

where m, (x, ) is the density in the position (x,y,z) and 2, is the decay constant of the
k—th metabolite component, 2 =1/T,- w,is the chemical shift frequency,
0 = =27yB,0, = 21f, - M(k,.k,,1) is the acquisition signal, i.e. the raw data.

We can see that the raw signal is possible by appropriately sampling the k-space
and time domain(kx, k,.t)- K-space (k,.k,) is the Fourier domain of the space (x, y),

i.e. the data-sampling trajectory. For different SI technologies, there are various forms
of k-space sampling schemes, which can be realized by gradient design.

k=7 G, (dé )

k0 =7] G, &)de 3)

Not only are the spatial distributions of the spins important but also are the spectral
components with each spatial position. Spectral components can be gathered by col-
lecting the time direction. The ultimate spatial distribution of spectral information of
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the imaged object get is m(x,y,f), which can be acquired by mathematical algorithm
to the raw data ps(k k1) -

X

2.1 PHASE-SI

In 2D conventional PHASE-SI, the FID signals are collected along ¢ axis at a fixed
point (k,.k,) in the absence of a gradient. Therefore the spectral and spatial informa-

tion is completely separated. The spatial information, which has a regular distribution
in spatial-frequency (or k-space) domain, is obtained by gradient phase encoding in
two spatial dimensions. The spectral information is sampled directly in an additional
t dimension [4].

To reconstruct the data, a 3D Fourier transform applied on the (£, k1) domain is

sufficient to resolve a spectrum in each pixel in a 2D image. First, we apply apodiza-
tion and 1D Fourier transform for the k-space FID signal in eq.1 to get the k-space
spectra information:

Mk, by )= 3 exp(=1 DSk, ky 1) xp(i20ft/ N) @

where, f = -N/2,..,0,..,.N/2-1, f,is apodization frequency. Second, we apply 2D
Fourier transform in spatial dimensions, and finally get the space spectra information:

k,x k,.y
+
N

« N

mx,y, f)= 03 mik,,k,, f)expli2n( ) s)

L4

The product of the repetition time (TR) and the phase encoding steps determines the
scan time. For 2D 32%*32 spatial resolution with TR 2000ms, the total scan time is
about 34 minutes. So the phase encoding SI cannot be suitable for clinical examina-
tion because of the long acquisition tune.

2.2 SENSE-SI

SENSE-SI uses a new approach based on SENSE-MRI technology [8], which is dif-
ferent from other fast imaging technologies. It applies coil arrays for parallel data
acquisition to reduce the acquisition time and permit decreasing the sampling density
in k-space. For most efficient scan time reduction in conventional SI, SENSE can be
applied to both spatial phase encoding dimensions, x and y . The FOV is reduced by a

factor R, in x direction and a factor R, in y direction in SENSE-SI. Only a fraction of

k-space positions is sampled as compared with full k-space sampling, leading to scan
time reduction by the factorg = g_» R, Thus, if the full FOV is to be resolved by

nxn spectra, only n/R_ xn/ R, individual signals need to be sampled. In the imaging
domain, this sampling scheme corresponds to a »/R_xn/ R, grid within a reduced

FOV. Because SENSE increases the distance between each line in k-space by reduc-
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ing the number of phase encoding steps, the negative effect of under-sampling is that
the image will be aliased in the phase encoding direction after Fourier reconstruction
[10]. To create full unaliased FOV metabolite maps, signal contributions of different
coils must be separated in SENSE reconstruction. SENSE reconstruction exploits the
fact that each signal contribution is weighted according to the local sensitivity of each
coil. After discrete Fourier transform in all three dimensions, an aliased image needs
to be unfolded for every sampling frequency in the spectral direction. The metabolic
image without aliased artifacts will be achieved after unfolding the raw images with
superposition of pixels.

Let 5, be the number of coils, » be the number of pixels superimposed on each

pixel in the reduced FOV image. Then, for each pixel in the reduced FOV image, a
n,*n, sensitivity matrix S is created.

12 n,
Sy Sp 8y

1 2 n,
5, S5 .8,

S(ry) = (6)

where, g is the coil sensitivity value in the superimposed pixel »n, form coil n, -
r, denotes the position that pixel 4 has in the reduced FOV.
Let o be a vector containing the image values that the chosen pixel A has in the

1. coil images. The vector V contains the unfolded pixel values for the original su-
perimposed positions in the full-FOV. The relation between v, o and S is:

1 2 n,

S 8 . ST @,

1 2 np

s, S5 .. s Va o,

2

2 =] S |=Sv=a @)
i 2 np

S, Sp e S A\Va, ) (@,

So, for each spectral sampling point 4, signal separation can be achieved by
V,=Ua;, (8)
Then the reconstruction unfolding matrix U is given by
U=(S"y'8)" sy )

where H denotes the transposed complex conjugate and ¥ is there receiver noise
matrix. The matrix ¥ is determined experimentally, using

Yo =Nan, * (10)

Where 5 denotes the pure noise output of the -z receiver channel, the bar de-
notes time averaging, and the asterisk * denotes the complex conjugate.
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3 Materials and Methods

Data Acquisition of phantom and in vivo

We apply two kinds of raw data of PHASE-SI and SENSE-SI to compare the two
imaging technologies and image reconstruction methods. The experiments were con-
duced on a 1.5T Philips Intera whole body scanner (Gyroscan ACS-NT) from the
institute of biomedical engineering, University of ETH Zurich, Switzerland. The
experiments use a receiver array of six surface coils, two of which are circular and
four are rectangular. The coil array is arranged around the phantom or the patient’s
head. The phantom are full of CRE (10mmol/l), around which are three glass spheres
filled with LAC (10mmol/l), LAC and NAA (Smmol/I) and NAA (10mmol/1) respec-
tively (Fig3.a). The field of view (FOV) is 230mm, which is divided into 32*32 vox-
els with a slice thickness of 1.5cm. The nominal voxel volume is 0.77cc. The FOV of
in vivo volunteer is 220mm, which is divided into 24*24 voxels with a slice thickness
of 2cm. The nominal voxel volume is 1.7cc. 256 samples are acquired in per spec-
trum over a bandwidth of 1000Hz, using a TR of 1500 ms for phantom (1700 ms for
in vivo), a TE of 288 ms. The spectral resolution is 4 Hz. 2D PHASE-SI and SENSE-
SI measurements are collected in phantom and in vivo, with a reduction factor
(R or Ry) of two in both spatial dimensions for SENSE.

Data preprocessing

Cosine filtering - For the raw data with the resolution of 32*32*256 for phantom and
of 24*24%*256 for in vivo in PHASE-SI, and of 16%16*%256 for in phantom and of
12*%12#256 for in vivo in SENSE-SI, cosine filtering is first applied to two spatial
dimensions (k.. k,) in k-space for each coil before FT reconstruction in three dimen-

sions. The cosine filter is also referred as spatial apodization, which is used to reduce
the ringing artifact. Gaussian filtering - Gaussian (exponential) function is multiplied
by each time-domain FID or echo signal for apodization in the frequency domain. It
can reduce the noise components and improve the SNR.

Data reconstruction

After preprocessing, the data of PHASE-SI can be reconstructed using Fast Fourier
transform (FFT) directly in three dimensions to get the spectrum. For SENSE-SI,
extra SENSE reconstruction is needed to separate six-coil signal contributions to get
the unaliased spectrum in full FOV after FFT.

Postprocessing
After Reconstruction, the spectrum must be corrected with BO-map. Zero order phase
correction and polynomial baseline correction are also used in the spectrum.

Metabolite image and data interpolation

After getting the spectrum, metabolic images of NAA, CHO, CRE and LAC are ob-
tained by integration of the modulus peak respectively. The resultant metabolic im-
ages are Fourier interpolated to 256%256 pixels with the same resolution as MRL
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4 Result

We have designed and implemented software of reconstruction algorithm for com-
parison of PHASE-SI and SENSE-SI using IDL (Interactive Data Language) version
6.0. Fig.1 is the interface of the SI reconstruction software. It includes data preproc-
essing, data reconstruction and postprocessing for the data of two acquisition styles.
The spectrum in different voxel and the image of four metabolites (including NAA,
CHO, CRE and LAC) can be acquired after the corresponding processing.

50 MRST Application i
MASI MRI Fhantom Trajectory Result PSF Abo

Felcome o the WIS Appdizationl Flease chovse s Uopie . |

Fig. 1. The interface of reconstruction software using IDL

For in phantom study, scan time for PHASE-SI is about 22 minutes and 33 minutes,
which for SENSE-SI is 5 minutes and 37 seconds.

Fig.2 shows the reconstruction results of the phantom using PHASE-SI and
SENSE-SI respectively. Fig.2a shows the scout image with the resolution of
256*256. The reconstructed spectrum (Fig.2b) in the voxel of the flag in the middle
glass sphere (Fig.2a) shows that there are metabolites of NAA and LAC with the
same concentration, but there is signal loss in the spectra of SENSE-SI. Fig.2c shows
the distribution of NAA, we can see that there are solutions of NAA only in the mid-
dle and the right glass sphere. The metabolite image and spectra (right) of SENSE-SI
have no compromise in the resolution of spectra compared with that (left) of PHASE-
SI, except the lower SNR with reduced scan time.

For in vivo study, scan time for PHASE-SI is about 14 minutes and 2 seconds,
which for SENSE-SI is 3 minutes and 37 seconds. Fig.3 shows the reconstruction
results of the patient with a grade II astrocytoma using PHASE-SI and SENSE-SI
respectively. Fig.3a shows the anatomic image of the patient with the resolution of
256%256. Fig.3b and Fig.3c shows the distribution of LAC, there is metabolite of
LAC only in active tumor tissue, which shows different gray value in the left position
of tumor tissue in the scout image. The characteristic metabolic pattern of the astrocy-
toma is clearly visible with a fourfold scan time reduction using SENSE-SI (right), as
well as PHASE-SI (left). But the reduced scan time and the broadening of the Spatial
Response Function (SRF) led to visibly reduced SNR in the SENSE-SI images.
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10.9, 2.5

&0, i 2.0

Fig. 2. The reconstruction result for phantom: (a) the scout image of phantom with the resolu-
tion of 256%256, (b) the reconstructed spectrum signal in flag with PHASE-SI (Left) and
SENSE-SI (Right), (c) the metabolite image of NAA with PHASE-SI (Left) and SENSE-SI
(Right).

@) ()

Fig. 3. The reconstructed result for in vivo: (a) the anatomic image of a patient with grade II
astrocytoma, (b) and (c) shows the metabolite image of LAC with PHASE-SI and SENSE-SI
respectively.

We can see that the scan time for SENSE-SI can be reduced by 4 compared with
PHASE-SI when the factor of g _and that of R, are both 2. After SENSE reconstruc-

tion, the aliasing artifacts are eliminated. The reconstructed results for SENSE-SI are
in good agreement with that for PHASE-SI, except that the lower SNR in the former.

5 Discussion and Conclusion

The main difference between the PHASE-SI and SENSE-SI technologies is the FOV
for acquisition. PHASE-SI samples the full information in the two spatial dimensions
(k,,k,)- The data reconstruction using FFT is simple, but the data acquisition is very

time consuming and thus prohibitive in clinical settings. In SENSE-SI, sensitivity
encoding can be applied to both spatial phase encoding dimensions, x and y, and only
a fraction of k-space positions is sampled as compared with full k-space sampling,
leading to scan time reduction by the factor g = R, xR, SENSE-SI reconstruction uses

the distinct spatial sensitivities of the individual coil elements to recover the missing
encoding information and get the unaliased FOV metabolite maps. There is no loss of
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spectral resolution in SENSE-SI compared with many of the other fast SI methods,
and no restrictions in the spectral bandwidth or echo time. And SENSE-SI reduce the
acquisition time by using multiple coils rather than a specific pulse sequence, so it
can be also applied into the other fast SI to improves the speed highly. In conclusion,
SENSE-SI improves the data acquisition speed, and the new data reconstruction also
makes the image quality qualified to be view. Both of them provide a potential value
of metabolic imaging as a clinical tool.
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Abstract. This paper presents a recoverable image tamper proofing technique
using the symmetric key cryptosystem and vector quantization for detecting and
restoring of a tampered medical image. Our scheme applies the one-way hashing
function and the symmetric key cryptosystem to the host image to generate the
verification data. To recover the tampered places, the host image is compressed by
vector quantization to generate the recovery data. Once an intruder has modified
the host image, our scheme can detect and recover the tampered places according
to the embedded verification data and the recovery data. Besides, the proposed
scheme can withstand the counterfeit attack.

Keywords: Authentication, medical imaging, watermarking, confidentiality

1 Introduction

The Internet provides a fast and convenient way for electronic patient records (EPRs)
to be transmitted or received by hospitals and clinics. Generally, EPR contains the di-
agnostic report, prescriptions, histological, and diagnostic images. Because each EPR
is a very private material for a patient, EPR transmitted through the Internet must be
protected by some security mechanisms.

Image tamper proofing, also called image authentication, is a kind of image pro-
tection mechanisms. The goal of image tamper proofing is to identify the integrity of
the digital images. Image authentication can be classified into hard authentication and
soft authentication. The main difference between hard and soft authentications is that
soft authentication allows modifications, but hard authentication does not. Two com-
mon approaches for image authentication are the digital signature approach [3,6,9] and
the watermarking approach [2,7,8]. The digital signature approach is suitable for hard
authentication because the authentication codes are saved as an independent file. The
watermarking approach is suitable for soft authentication scheme due to that the water-
marking approach embeds the authentication codes into the image directly.

In this paper, we propose a watermarking-based image tamper proofing scheme
for medical image authentication. Our scheme divides an host image into blocks of
equal size. The recovery data and the verification data are generated from each block
by using vector quantization [4] and the symmetric key cryptosystem [5], respectively.
The verification data and the recovery data are then embedded into the least significant
bits of each pixel of the corresponding block.

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 78-85, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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The remainder part of this paper is organized as follows. In Section 2, we review
the vector quantization and the counterfeit attack. In Section 3, our proposed scheme is
presented. The experiments and security analyzes are shown in Section 4. Finally, the
conclusions are given in Section 5.

2 Previous Work

Here, we will review the vector quantization (VQ) compression and the counterfeit
attack [1] on the block-based watermarking scheme in Subsections 2.1 and 2.2, respec-
tively.

2.1 Vector Quantization

Input Output
TSt Closest VQ index Table
7y *|  Codeword | Lookup

XXXXX

XXXXX

Index i
L L4 XXXXX

Original image | Decoded image
1

Encoding Codebook Y Decoding

A

Fig. 1. The block diagram of VQ encoding/decoding

VQ is a very popular gray-level image compression technique because of its low
bit rate and simple encoding/decoding. The block diagram of VQ encoding/decoding
is shown in Fig. 1. In the encoding phase, the codebook is searched to find the closest
codeword of the input vector z, and then the index pointing to the closest codeword is
transmitted to the decoder. The codebook is generated by the Linde-Buzo-Gray (LBG)
algorithm [4], To find the closest codeword for each image vector, the squared Euclidean
distance is applied, and it is defined as follows.

k
.’B y’L Z y’LJ a M

=1

where z; and y;; denote the j-th elements of z; and the j-th elements of y; in code-
book ¥, respectively. If codeword y; the closest codeword for the image vector x then
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d(z,y:) is the smallest among d(z,y;)’s fori = 1,2, ..., N. and i # t. Here N, is the
codebook size. Then the encoder sends the VQ index ¥ to the decoder. In the decod-
ing phase, the decoder only needs to do the table look-up procedure to reconstruct the
encoded image.

2.2 Block-Based Counterfeit Attack

Holliman and Memon [1] proposed the counterfeit attack on block-based independent
watermarking scheme. The term “block-based independence” means the generation of
a watermarked block does not refer to another image block. A watermarked block gen-
eration only depends on its original block, a watermark block, and an insert key K. If
the watermarking scheme is based on block-based hiding, then its watermarked image
could be counterfeited.

The same watermark can be extracted from different watermarked blocks with the
same key K. Those watermarked blocks with the same watermark are called K -equiva-
lent. Attackers can collect a set of watermarked blocks from many watermarked images
to generate a codebook C' = {Cj,Ca, ..., Cx} according to K-equivalence, where A
is the number of different possible watermark patterns.

Equivalence
class

Watermarked image

Fig. 2. An example of counterfeit attack

An example of counterfeit attack is shown in Fig. 2. Suppose we want to counter-
feit two watermarked blocks o3 and og, where 03 € C; and og € Cjy. The attacker
can choose 01 € C) and og € Cy to replace oz and og because they are belong to the
same equivalence class. Hence, the attacker can create two forged blocks by the equiv-
alence class. Even though two watermarked blocks o3 and 0g have been modified, the
verification procedure still cannot detect the modified blocks.
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3 The Proposed Scheme

The goal of our scheme is to provide a simple and secure image tamper proofing scheme
which can detect and recovery the tampered places. Our scheme consists of two proce-
dures, the signing procedure and the verification procedure. The details are described
as follows.

3.1 The Signing Procedure

Given a gray-level medical image O, where O = {0;;|]1 <i < M,1<j < N,Oy; €
{0,2"—1}} and r is the number ofbits used to represent a pixel. The original image O is
first divided into non-overlapping blocks of 16 x 16 pixels, where O = {01, 02, ..., 0+ }

and 7 = M1 Next, the two least significantbits LSB; and LSB; of each gray p1xe1
are set to be zero. Thereupon, each block o; in O is converted to ;. In our scheme, the
recovery data and the verification are embedded into the LS B; and LS Bs of each gray

pixel, and shown in Fig. 3.

Verification information

MSB LSB,|LSB

2 1

Recovery information

Fig. 3. Recovery and verification information of a pixel

The first step of the signing procedure is to generate the recovery data. For each
input block &;, a block is divided into 16 sub-blocks of 4 x 4 pixels and then we use
VQ to encode each sub-block. In order to obtain a better image quality of the decoded
image, only one image O is selected to train a codebook. The codebook can be saved
as an independent file or it can be placed in the header of the image file. Since 16 sub-
blocks are encoded by VQ, the total number of recovery bits of a block is (16 xlogaNc¢),
where Nc is the codebook size. The recovery bits are then sequentially embedded into
the LS B; of each pixel of a block. In order to prevent the damage of the recovery bits
of a block, the recovery bits are not embedded into the same block. They are randomly
embedded into another block by using a pseudo-random number generator (PRNG)
with a secret seed S D1.Each block ; is then converted to 4;, where 1 = 1,2, ..., T

After embedding the recovery data into the host image, the second step is to generate
the verification data. For each input block 8;, the one-way hash function, e.g. MD5, is
employed to generate a 256-bit hash value. The hash formula is as follows.

hi = Hash(G:||P||T|k:). (2)

Here P is the patient identification, T is the doctor’s seal, and k; is a random number
which is generated by a PRNG with a secret seed SD;. The random number k; is
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used to prevent the VQ counterfeit attack. Then the verification data s; of a block 6; is
generated by computing the following formula.

s; = Encrypt(h;, SK). 3

where SK is the secret key of DES [5]. DES encryption does not cause the data ex-
pansion. The verification data s; of 256 bits are hidden into the LSB; of block ¢; itself.
Finally, a signed image is generated. An example of our signing procedure is shown in
Figs. 4 and 5, and assume that the block encoding size is 2 x 2.

| XXXX
XXXX
1011 | 0011 LSBs 1000 | 0000 vQ o | xxxx

| encoding . » g 4

1111 | 1101 0 1100 | 1100 -

I Codebook
[0} VQ Index
: R Ty —

0010 | 0101 | LSBs 0000 | 0100

¥ ) - 0010 | 0110
- g E— e e o
Original image 0000 | 1111 0 0000 | 1100 substitution | 0010 | 1100
OM OM

Fig. 4. Generation of the recovery data

Embed [——

T | Hash
0010 | 0110 ‘ DES LSB . | 0010 | 0111
i HOO1010110J00101l - __gp. (1101, SK)=0101 et '
0010 | 1100 | 1100 | FTYE 1101 0010 | 1101
é P: Patient ID T : Doctor seal )
14 k; Random number SK: Secret key Watermarked image

Fig. 5. Generation of the verification data

3.2 The Verification Procedure

The verification procedure is to check whether a test image O’ is modified or not. When
the detection scheme confirms an image block has been tampered with, the recovery
process is then performed to recovery the modified block. In order to verify the integrity
of each block of a test image, we need to execute the signing procedure to generate the
new verification data of each block. For each block, the new verification data are com-
pared with the embedded verification data of the same block. Ifthe new verification data
and the embedded ones are not identical, it denotes that this block has been modified.
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4 Experimental Results and Analyzes

Two test gray-level medical images “CT” and “MRI” of 512 x 512 pixels and 256
gray levels (8 bits/pixel), as shown in Figs. 6(a)-(b), are used in our experiments. The
codebook design is based on the LBG algorithm [4] with 1024 code vectors (N=1024),
and the VQ encoding size is set to 4 x 4 pixels. Besides, size of a modified region in
our scheme is a block of 16 x 16 pixels.

(a)CT (b) MRI (c) PSNR=45.44 (d) PSNR=45.01
dB dB

Fig. 6. (a)-(b) Original images, and (c)-(d) watermarked images

The human eyes and the peak-signal to noise rate (PSNR) are two approaches to
estimate the image quality. The PSNR formula is defined as follows:

@ —1)?
MSE

where r is the number of bits used to represent a pixel. The mean square error (MSE)
of an N x N gray-level image is as follows.

PSNR = 10 x log;q dB, “

1 n n _ )
MSE = +—— ;;(xij — %)% 5)

Here, X;; denotes an original pixel value, and Z;; denotes the processed pixel value.

In the detection phase, a block is called a tampered block if the verification data of
this block are not identical to the original ones. Thus, our scheme can not allow any
kind of modifications such as malicious manipulation or involuntary manipulation. The
involuntary manipulation includes JPEG compression, smoothing, sharping, and etc.
The medical images are often compressed by the lossless image compression in order
to save the storage space with a good image quality, Therefore, our scheme is very
suitable for lossless medical image authentication.

In the recovery phase, if the detection scheme confirms an image block has been
tampered with, the recovery work is then performed. In order to prevent the damage of
the recovery data of a block, the recovery data are not embedded into the same block.
They are randomly embedded into another block by using a pseudo-random number
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generator with a secret seed. Our system can successfully recover a tampered block if
the retrieved recovery data are correct, which denotes the backup block is not modified.
The watermarked images “CT” and “MRI” are shown in Figs. 6(c)-(d). The PSNR
values of these two watermarked images are 45.44 dB and 45.01 dB, respectively. Two
tampered images are shown in Figs. 7(b) and 7(f). The detected results are shown in
Figures 7(c) and 7(g). The recovered results are shown in Figs. 7(d) and 7(h). From
Figs. 7(d) and 7(h), it is obvious that the recovered image by using VQ is very similar
to the host image. Since the image quality of the recovered image in our scheme is
affected by the codebook size. If a smaller codebook size is used, the image quality of
the watermarked image will be improved, but the image quality of the recovered image
will be deteriorated. The codebook size appropriate to the experiments is 512 or 1024.

(a) Watermarked (b) Tampered (c) Detection of (d) The recovery
image CT image CT the modified result of (b)
regions of (b)

(e) Watermarked (f) Tampered im- (g) Detection of (h) The recovery
image MRI age MRI the modified result of (f)
regions of (f)

Fig. 7. CT and MRI images detection and recovery

In the following, the security analyses are shown. First, assume the attacker knows
the whole methods, but does not know the DES secret key SK and a random sequence
K = {ko,ki,.... %k Nxn }. The attacker can forge the verification data if he/she can
break the DES cryptosystem. However, it is still difficultto break the DES cryptosystem
from now on. Thus, the DES cryptosystem remains secure. Because the security of
our scheme is based on the DES cryptosystem, it is confirmed that our scheme can



Detection and Restoration of a Tampered Medical Image 85

withstand the malicious attacks. On the other hand, our scheme uses different seed
S D5 to generate different sequence K for each image to prevent the counterfeit attack.
Even though two image blocks are the same, without the same number k;, their output
verification data are still different from each other. In our scheme, two secret seeds SD1
and SDy and one DES secret key SK are kept secretly, so it is impossible for attackers
to counterfeit an image block if the correct keys are not available.

5 Conclusions

We have proposed a recoverable image tamper proofing technique using the symmet-
ric key cyrptosystem and vector quantization for detecting and restoring of a tampered
medical image. Our scheme not only can detect the modified places of the host image,
but also can recover the content of the altered image. Besides, the proposed scheme can
withstand the counterfeit attack. Furthermore, the watermarked image of our scheme
can obtain high image quality. Therefore, our proposed scheme is very suitable for
medical image authentication.
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Abstract. Since medical imaging produce prohibitive amounts of data, efficient
and low-complexity compression is necessary for storage and communication
purposes. In this paper, a flexible coding algorithm called embedded multiple
subband decomposition and set quadtree partitioning (EMSD-SQP) is presented
based on integer wavelet transform (IWT). The presented method exploits three
new coding strategies-multiple subbands decomposition (MSD), multiple sub-
bands scaling (MSS) and fast quadtree partitioning (FQP). During transform,
three high frequency subbands are secondly decomposed using IWT respec-
tively for optimizing the transform coefficient distribution of high frequency
subbands. Then, each subband is scaled according to its significance. The scal-
ing factors are the integer powers of two. Finally, all image coefficients are en-
coded using fast quadtree partitioning scheme, which improves the lossy com-
pression performance and reduces the memory demands. Simulation results for
CT and MRI images show that the EMSD-SQP algorithm provides PSNR per-
formance up to 4~6 dB better than SPIHT and SPECK using IWT. And the
PSNR performance of EMSD-SQP has 04~0.8 dB better than SPIHT using
Daubechies 9/7 discrete wavelet filters. Additionally, the lossless compression
performance of the presented algorithm is quite competitive with other efficient
compression method.

1 Introduction

Medical data (CT, MRI) are useful tools for diagnostic investigation, however their
usage may be made difficult because of the amount of data to store or because of the
duration of communication over a limited capacity channel. Efficient image storage
and transmission is in great demand for medical community. Lossy medical image
compression techniques may have the potential for widespread medical acceptance.
However, the compression will reduce the image fidelity, especially when the images
are compressed at lower bit rates. For example, the reconstructed images, which are
coded using JPEG, can suffer from blocking artifacts and the image quality will be
severely degraded under the circumstance of high compression ratios.

The discrete wavelet transform (DWT) is widely used in image compression be-
cause it avoid blocking artifacts and improve the compression performance [1-5].

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 86-93, 2004.
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More recently, a new still image compression standard-JPEG2000 is proposed based
on the DWT. Most of the DWT-based codecs support an embedded bitstream. This
means that the quality of the reconstructed image increases when more encoded bits
can be available to the decoder. However, the main drawback of the DWT is that the
wavelet coefficients are floating-point numbers. In this case efficient lossless coding
is not possible using DWT. But in many applications, efficient lossless medical image
compression is very important for diagnostic investigation and analysis.

The lifting scheme (LS) presented by Sweldens, allows a low-complexity and effi-
cient implementation of the DWT [2]. One such transform is the LS-based integer
wavelet transform (IWT) scheme [3]. The IWT mainly has three advantages. Firstly,
a lossless decoding image can be reconstructed perfectly. This point is very signifi-
cant for medical image processing. Secondly, IWT has lower computational complex-
ity than DWT. Finally, the use of IWT is a means to reduce the memory demands of
the compression algorithm. However, using IWT instead of DWT degrades the per-
formances of the lossy codecs. This is due to the fact that the transform is no more
unitary, and the information content of each coefficient is no longer directly related to
magnitude; this is particularly harmful for encoders with rate allocation based on
bitplanes, such as SPIHT [4] and SPECK [5] coding scheme.

In this paper, we present a new coding scheme for medical image compression,
called embedded multiple subband decomposition and set quadtree partitioning
(EMSD-SQP). The new algorithm exploits three new coding strategies-multiple
subbands decomposition (MSD), multiple subbands scaling (MSS) and fast quadtree
partitioning (FQP). During transform, three high frequency subbands are secondly
decomposed using IWT respectively for optimizing the transform coefficient distribu-
tion of high frequency subbands. All image coefficients are encoded using fast quad-
tree partitioning scheme. The new algorithm, in addition to reducing computational
complexity and enhancing coding flexibility of IWT, supports efficient both lossless
and lossy medical image coding using a single bitstream.

2 Integer Wavelet Transform

This LS implementation [2], [3] is a very efficient implementation of the DWT. It
exploits the redundancy between the high pass (HP) and low pass (LP) filters neces-
sary for perfect reconstruction (PR). It reduces the number of arithmetic operations up
to a factor of two compared to the filter-bank (FB) implementation. Its structure guar-
antees that the scheme is reversible, regardless of the filters used. Its low computa-
tional complexity and efficient lossless compression performance is very useful to
real-time image transmission. In [2], Sweldens and Calderbank presented the reversi-
ble integer-to—integer wavelet transforms based on the Lifting Scheme (LS). In LS,
the integer wavelet transforms can be described through polyphase matrix using
Euclidean Algorithm as

e (los@)f o o)fx o 1
P(Z)_I,.:[,[o 1 :|[t,.(z) 1][0 1/K]
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P(z) can be defined as analysis filters. §,(2z) and #,(2) can be defined as Laurent

polynomials. In table 1, we use the notation (x,y) to indicate that the analyzing and
synthesizing wavelet functions have x and y vanishing moments, respectively. In the
forward transform equations, the input signal, lowpass subband signal, and highpass
subband signal are denoted as x[n], s[n] and d[n], respectively. For convenience, we
also define the quantities so[n]=x[2r] and dy[n]=x[2n+1].

Table 1. Several forward transform of IWTs

Name (x,y) Forward transform of IWT

2,2) {d{n]= dy[n]=|1/2(sy[n+1]+5,[n]) |
s[n] = s,[n)+|1/4(d[n]+d[n—1])+1/2 |

(4,2) d[r.f] =dy[n]+[1/16((s,[n + 2]+ sy[n—1]) = I(so[n + 1]+ 5,[n]) +1/2) |
s[n] = so[n]+ |1/ 4(d[n] + d[n-1]) +1/2]

(3.3) di[n]=d,[n]—s,[n]

s[n]=s,[n]+|1/16(8d,[n]+d,[n-1]-d|[n+1])+1/2]
d[n]=d,[n)+|1/16(s{n+2]-s{n—2]+6(s[n—1]—s{n+1])+1/2|

(4,4 d[n}= dy[n]+|1/16((s[n + 2]+ 5,[n —1]) = (s, [+ 1]+ 5,[n]) +1/2) |
'.'[ 1= s5,[n]+|1/32(9(d[n]+ d[n—11) — (d[n+1]+ d[n-2]) +1/2 |

3 Description of EMSD-SQP Coding Algorithm

3.1 Multiple Subbands Decomposition

Integer wavelet transform has worse energy compaction than common wavelet trans-
form, which is a disadvantage for efficient medical image compression. In order to
improving the compression performance, high frequency subbands are secondly de-
composed using the same IWT. The new wavelet decomposition strategy is similar to
the wavelet packet decomposition. However, there are two important differences
between multiple subbands decomposition and discrete wavelet packet.

— Because the integer wavelet transform is nonlinear transform, the scaling factors
are necessary for all subbands to optimize the subband coefficient distribution. So
general discrete wavelet packet theory is unsuitable to IWT.

— In multiple subbands, only are the HH;, HL; and LH; subbands decomposed sec-
ondly. This is due to the fact that if more subbands are decomposed secondly,
more scaling factors will be chosen and optimized. The computational and coding
complexity will increase quickly, but the lossy compression performance is not
improved apparently.

Fig. 1 shows the decomposed MRI image using IWT based on different methods.

We adopt (2,2) IWT and the transform level number is four.
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Fig. 1. Original MRI image (left) and the decomposed MRI image using IWT (middle) and the
decomposed MRI image using IWT with MSD (right)

3.2 Multiple Subbands Scaling

In [7], the scaling step can be operated with multiplying the lowpass coefficients by
K (scaling parameter-SP) and highpass coefficients by 1/K as illustrated in (1).
However, for general IWT, K is the irrational number. For offering an integer-to-
integer version, three extra lifting steps must be implemented instead of original scal-
ing transform, which improves the transform complexity and increases the error of
the mantissa rounding operations.

- .| e | L | HUL | HUHL
Xy =%p xk?
L, HLy 2
x =X x
Rpp = xy X e B IH, | HH; | HLLH, | HLHH;
Tmage > 2
P B L T T B o B TR
13 HH o, = % o, X
LHLH, | LHHH, | HHLH, | HHHH,

Fig. 2. Subband scaling step in an image transform

In this paper, we analyze the characterizations of IWTs and present a new method
to reducing the computational complexity of IWTs. For general IWTs, the scaling
parameter K is /2 . If we omit the mantissa rounding operation, the coefficients of

HH will be multiplied by 1/ K2, the coefficients of LL will be multiplied by K?,
and all coefficients of HL and LH are invariant. Fig.2 shows the scaling step in a two-
dimensional transform. For general IWT, the coefficients of HH will be multiplied by
1/2 and the coefficients of LL multiplied by 2. Because we use integer powers of two
as quantization threshold during encoding, the scaling parameter of IWTs is exactly
equal to the quantization threshold. Thus, using MSS instead of three extra lifting
steps can reduces the computational complexity.

Table 2 gives the scaling factors of different IWTs for two-dimensional wavelet
decomposition with MSD. Fig. 3 shows the ordering of bitplanes from HHHH, to LL,
without scaling.

Fig. 4 presents the ordering of bitplanes from HHHH, to LL, with scaling pre-
sented by OSF.
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LLy

LH;

HL,  HLLL, LHLL, HH; HLHL

HLLH,

LHHL, LHLH,

HHLL, HLHH,

LHHH,

HHHML, HHLH,

HHHH,

Fig. 4. Ordering of bitplanes from HHHH, to LL, with scaling based on MSD and OSF

Table 2. Scaling factors for different IWTs for two-dimensional wavelet decomposition

Wave Subband

let ILL HL LH HH HL HL HL HL LH LH LH LH HH HH HH HH
2 2 2 2 LL HL LH HH LL HL LH HH LL HL LH HH

29 4 2 2 1T 2 1 1 122 1 1 11 12 18

42 4 2 2 1 2 1 1 122 1 1 121 1212 14

G3) 4 2 2 1 2 1 1 12 1 1 121 1212 14

44 4 2 2 1 2 1 1 122 1 1 121 12 12 1/4

3.3 Fast Quadtree Partitioning Scheme

All transform coefficients are coded using fast quadtree partitioning (FQP) scheme
after the each subband was scaled. The coder only uses a simple quadtree partition-
ing, which is similar to SPECK algorithm, instead of both quadtree partitioning and
the octave band partitioning of SPECK. Fig.5 shows the basic scheme of FQP algo-

rithm.

We adopt the integer powers of two as the threshold of coefficient quantization.
We say that a set € of coefficients is significant with respect to n if

ollz2rn=00230

max
(i,jleQ

Otherwise it is insignificant. We can write the significance of a set {2 as

Fn(Q)={
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When the outcome of the test is “1”, we say the set is significant for bitplane n,
otherwise it is insignificant.

SU S[ Sl

S=X — — —

S 83 8z 83

Fig. 5. Partitioning scheme of FQP algorithm

Starting with S as the root set from the whole map, If S is significant for threshold
Pmax. Set S is spitted into four quadrant sets, collectively denoted O(S). Four subsets

are respectively corresponding to all subbands in the same level. We adopt the sig-
nificance test for the same n to each of these sets and split four again only if signifi-
cant. Significant sets continue to be recursively split until all there are four pixels,
where upon, the significant ones are found and appended to a list of significant pixels,
called the LSP. The sizes and coordinates of all insignificant sets and pixels can be
appended to an array of insignificant sets and pixels (AISP). The progressing is not
stop until all current sets of type S have been tested against n. Then, n is decremented
by 1, and the FQP is continued for all SetS in AISP until n is equal to 1.

4 Experimental Results

We compare the EMSD-SQP algorithm with SPIHT and SPECK. Different medical
images are selected as the test images.

Table 3 shows comparison of the PSNR performances among the EMSD-SQP al-
gorithm, the based-IWT SPIHT and SPECK for Barbara, MRI and CT images. We
adopt (3,3), which is the best IWNT for compression. In table 4, the PSNR values using
the EMSD-SQP algorithm based on (2,2), (4,2), (3,3) and (4,4) for MRI image are
shown and compared with the results of DWT-based SPIHT and SPECK.

Table 5 shows lossless compression comparison of EMSD-SQP, SPIHT and
SPECK on Barbara, MRI and CT image. Fig.6 gives the coding results of EMSD-
SQP algorithm for the MRI image based on (3,3). Fig.7 shows the lossy reconstructed
CT image using EMSD-SQP algorithm based on (3,3) at 0.25 bpp and 1.0bpp.

5 Conclusions

In this paper, we propose a so-called EMSD-SQP algorithm that has three primary
advantages for medical image coding. Firstly, multiple subband decomposition
(MSD) optimizes the transform coefficient distribution of each subband and improves
energy compaction. Secondly, each subband is scaled according to its significance.
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The scaling factors are the integer powers of two. Thirdly, fast quadtree partitioning
(FQP) is presented to avoid octave band partitioning of SPECK, reduce the computa-
tional complexity and increases the lossy and lossless compression efficiency. We
expect this idea is valuable for future research in medical image coding and its appli-
cations.

Table 3. Comparison of lossy compression results among EMSD-SQP, SPIHT and SPECK
based on (3,3) IWT for Barbara, MRI and CT images

Image PSNR (dB)

EMSD-SQP SPIHT SPECK
bpp 025 05 1.0 025 05 1.0 025 05 1.0
Barbara 28.18 32.21 36.84 20.21 24.56 30.11 20.72 25.04 30.34
MRI 2649 31.78 3734 1992 25.68 3097 1946 2544 30.77
CT 27.19 31.48 3593 20.67 2581 30.63 20.11 25.27 29.97

Table 4. Comparison of lossy coding methods for MRI images using (2,2), (4,2), (3,3) and
(4,4) and Daubechies 9/7

Filters = PSNR (dB)
(2,2) (4,2) (3,3) (4.4) Daubechies 9/7
bpp EMSD- EMSD- EMSD- EMSD- SPECK SPIHT
SQp SQP SQP SQP
0.25 25.21 25.48 26.49 25.98 25.92 25.58
0.5 30.74  31.02 31.78 31.59 31.56 31.30
1.0 36.23 36.52 37.34 37.13 37.09 36.87

Table 5. Comparison of different compression method for lossless coding (in bpp)

Methods Image

Barbara MRI image CT image
JPEG-LS [7] 4.863 4.019 4917
SPIHT 4.711 3.981 4.879
EMSD-SQP  4.634 3.912 4.805

Fig. 6. Coding results of MRI image using EMSD-SQP algorithm based on (3,3) at 0.25 bpp
(left), 1.0bpp (right).
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Fig. 7. Coding results of CT image using EMSD-SQP algorithm based on (3,3) at 0.25 bpp
(left), 1.0bpp (right).
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Abstract. The inclusion of statistical region-based information in the
Geodesic Active Contours introduces robustness in the segmentation of
images with weak or inhomogeneous gradient at edges. The estimation
of the Probability Density Function (PDF) for each region, involves the
definition of the features that characterize the image inside the different
regions. PDFs are usually modelled from the intensity values using Gaus-
sian Mixture Models. However, we argue that the use of up to second
order information could provide better discrimination of the different
regions than based on intensity only, as the local intensity manifold is
more accurately represented. In this paper, we present a non parametric
estimation technique for the PDFs of the underlying tissues present in
medical images with application for the segmentation of brain aneurysms
in CTA data with the Geodesic Active Regions model.

1 Introduction

Brain aneurysms are pathological dilatations of cerebral arteries developed on
weakened vessel walls due to blood pressure. Two dimensional Digital substrac-
tion angiography (DSA) is considered the gold standard technique for the de-
tection and quantification of brain aneurysms. However, other less invasive ac-
quisition techniques like Computed Tomography Angiography (CTA), Magnetic
Resonance Angiography (MRA) or 3D Rotational Angiography (3DRA) are also
used as complementary methods for these aims [15, 7]. In clinical practise, quan-
tification is usually performed from Maximum Intensity Projections (MIP) of
the original volumetric scan, which introduces a high degree of subjectivity to
the quantification of the aneurysm. The use of computerized 3D segmentation
techniques can play a crucial role in improving quantification of the aneurysm
dimensions as well as for a correct interpretation of the 3D morphology.

The adoption of deformable models for segmentation in vascular cerebral
structures has become very popular over the last years [9,16,1]. In particular, the
ability to handle with topological changes in complex structures makes implicit

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 94-102, 2004.
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deformable models a very suitable technique for modelling the shape of vascular
structures and brain aneurysms [11].

Traditionally, implicit deformable models based on the Geodesic Active Con-
tours approach depend on the gradient of the image as edge integration criteria.
Due to the low quality of the medical data, the front in evolution usually suf-
fers from leakage in places with weak or inhomogeneous image gradient, and
usually does not provide good results in brain vessels. There have been several
efforts to include statistical region-based information in the process of segmen-
tation [17,12]. In places with weak gradient, the region-based information drives
the evolution of the active contour providing more robust segmentation. Previ-
ous attempts for the inclusion of statistical region-based information into the
deformable model has shown promising results in the segmentation of brain
aneurysms in 3DRA and CTA data [3, 8].

The inclusion of statistical region-based information into the deformable
model is done using region descriptors, which are defined in terms of the negative
logarithm of a Probability Density Function (PDF) associated to the region [3].
The estimation of the PDF for each region, involves the definition of the features
that characterize the image inside the different regions. In fact, the estimated
PDF can be considered as a conditional PDF P(x|f) where X is the point in the
image domain and f is the vector of features used to describe the image in the
estimation process.

In most previous attempts the estimation of the PDF for region descriptors
are based on two main assumptions: image intensity is the most discriminant
regional descriptor, and the statistics of image intensity can be described using
parametric estimators of the PDF. In particular, PDFs are usually modelled
from the intensity values using a Gaussian Mixture Model (GMM) [17, 12, 3]
with parameters estimated via the Maximum Likelihood principle. However,
we argue that the use of up to second order information could provide better
approximations for the different regions as, besides intensity, local geometrical
information is introduced for region characterization and therefore, improve the
segmentation. As the use of a Gaussian model with a higher dimension feature
set could generalize poorly, the use of non parametric estimation techniques
becomes necessary for PDF estimation.

This article proposes a method of introducing high order information for the
estimation of PDF of the different tissues present in medical data. The technique
is here applied to the segmentation of brain aneurysms in CTA data. The novelty
of our method stems in the use of differential image descriptors of up to second
order for the definition of non-parametric region descriptors of the main tissue
types that are present in the CTA images. The underlying PDFs are estimated
using adaptive Parzen windows based on the k-Nearest Neighbor (kNN) rule. The
result is an algorithm that improves region PDF estimation in an optimal way,
as feature selection is included in the method, providing accurate segmentations.

The paper is organized as follows. Section 2 explains the devised PDF esti-
mation method used in the segmentation with Geodesic Active Regions model.
The results of the method and conclusions are reported in Section 3.
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2 Probability Density Function Estimation

For the estimation of the PDF for vessel, background and bone tissues in CTA,
a method based on a non parametric estimation technique is proposed. First,
the K-means algorithm is used for unsupervised construction of the train set.
Then, the kNN rule is used for PDF estimation in a multidimensional feature
space defined by the multiscale derivatives of the image up to second order. The
result is an estimation technique that takes into account not only the intensity
distribution in the image but also approximates to a higher degree the local
image structure.

2.1 Train Set Construction

For the construction of the train set in the learning step of the PDF estimation,
we propose to use a fully automatic way to define correct labelled samples.
The intensity values of the CTA image are considered as a set of observations
{i1, ..., in} of arandom variable I of density P(I). A GMM is asumed for P(I). K-
means clustering is used to extract a uniform random sample of correct labelled
points to build the train set from a prototype sample of images from our CTA
data. This clustering correspond to the regions of the space of intensities that
contains the modes of P(I). The estimation of the GMM parameters is done
using the Expectation Maximization (EM) algorithm. These parameters are used
for initialization of the K-means algorithm. Sample images without bone are used
for extracting features from vessel and background tissues. Sample images with
bone are used for feature extraction from bone and background tissues. The
details for practical implementation are given in subsection 2.3.

From the clustering performed by K-means method we can infer that tissue
PDFs cannot be represented by a GMM as vessel and bone intensities in CTA
widely overlap. Then, more sophisticated PDF estimation methods have to be
designed to achieve an accurate representation of the region-based descriptors.

2.2 Probability Density Function Estimation

In our framework, the problem of PDF estimation associated to a region, is con-
sidered as the estimation of the conditional PDF P(x|f) at point x where f is
the vector of features used to represent the image in the estimation process. The
use of up to second order information is used to define the vector of features
introducing both intensity and local geometrical information for region char-
acterization. Due to the high dimension of the feature vector, non parametric
estimation techniques are used for the estimation of the PDFs.

Image Features A common approach to analyze the local behavior of an image,
I(x), is to consider its Taylor expansion in the neighborhood of a point xg at
scale o, I»(xo + 6%0) = Iy (%0) + 6x3 VoI(xp) + 0xF H, (%0)6%0, where I, Vo1,
and H, are the image intensity function, the gradient vector, and the Hessian



Geodesic Active Regions 97

matrix of the image computed after convolution with a Gaussian kernel of scale
o. While the intensity provides information about the tissue properties (i.e. X-ray
absorption in CTA), the norm of the gradient indicates the amount of contrast
between neighboring tissues and, the second order structure provided by the
Hessian matrix indicates local curvature and bending [5]. We argue that all this
information in a multiscale framework can be relevant in characterizing tissue
properties.

Non Parametric PDF Estimation The Parzen windows method [13] is the
most popular non parametric estimation technique as it is a consistent estimator
of any continuous density [14]. For density functions of real variable, given sample
data x1,...,2;, Parzen’s method suggests the following estimate at point zg:
P(zo, ) = %E;l Ky, (zo — x;), where K, is a smooth function such that
J Ky, (t—=;)dt = 1. The k-Nearest Neighbor (KNN) estimation technique [2] can
be interpreted as a Parzen approach with parameter «; adjusted automatically
depending on the location of the point [6] (i.e. v; = |zo—x[x)| where z} is the kth
nearest neighbor). The generalization to higher dimensions is straightforward.
Assuming that points with similar local image structure belong to the same tissue
class, a kNN density estimator can approximate the probability for a given voxel
to belong to a class.

In our case, the local image structure is parameterized with a feature vector
derived from the second order Taylor expansion. For a point X in the train set,
we associate the feature vector

£(X) = [£r0, --ry £, With £, (%) = (I,,

VIGi‘»)\lcp)\%ia)\%i) (1)

where I, represents the convolution of the image with a Gaussian kernel and
Vo, its gradient. The parameters A;, represent the eigenvalues of the Hessian
matrix of the image I,,, ordered by increasing magnitude. The set of scales is
chosen according to an exponential sampling, o; = ¢ -€*?, as suggested by Scale
Space theory.

At this point, kNN rule is used to estimate the underlying PDF as follows.
For a given voxel x, the feature vector f(x) is defined as in Equation (1). Then,
the k nearest feature vectors are found in the train set according to the Euclidean
distance. The probability for a voxel of intensity ¢ to belong to a tissue class Cj,
is approximated by the formula

E:‘cecjrw‘k (x) K, (f(x), £(x))
Z:‘ceN‘k (x) K, (f(x), £(%))
where L; represents the set of points in the train set that belongs to the class Cj,

Ni(x) is the set of the k nearest neighbors and K, is the Gaussian kernel with
standard deviation equal to the Euclidean distance to the kth nearest neighbor.

P(I(x) = ilCy) = (2)
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2.3 Details of Implementation

Train Set Construction and Image Features Six sample images were se-
lected from the whole CTA data base to build the train set. Three of the images
did not present bone tissue in the Kmeans classification. The vessels present
in these images roughly covered the range of widths in the data base. The
aneurysms covered also representative dome sizes. The three images that pre-
sented bone tissue included also typical bony structures. A total of 9000 points
were randomly selected for each tissue, resulting on a total of 27000 points.
The minimum scale was selected equal to the in-plane voxel size (i.e. op = 0.4
mm), with the number of scales, d, equal to 10, and g equal to 0.2. This way,
the maximum scale considered was 2.95 mm which covers approximately objects
from 0.8 to 6 mm, this is, from the thinnest arteries to the mean dome size
present in our aneurysm data base. As it is customary in pattern recognition
theory, the feature vectors of the train and test sets were normalized [4].

Optimal Number of Neighbors and Feature Selection Cross-Validation
(CV) was used for estimating the prediction error of the kNN rule as well as
for the selection of the optimal number of neighbors, k [6]. és loss function, we
used the cross-entropy loss L(C}, C. (x)) = “'2Zi=06(0j = Cj(x)) log(P(I(x) =
i|C;)), where C; corresponds to a tissue class, 6’; (x) corresponds to the label of
x in the train set, and é corresponds to Dirac’s delta function.

The predrctron error, is approximated by the K-fold cross validation estimate
CV{k) = N Zz 1 L(C;, C] (xi), k) where N is the number of points in the train
set and k is the number of neighbors used to estimate P(I(x) = i|C;). A pre-
diction error study was performed over the train set using five folds. Figure 1(a)
plots the mean prediction error curve performed in 10 different experiments in
a range of neighbors from 1 to 500. All the cross validation curves are similar
to the mean curve. The mean minimum value is reached at neighbor 30. So we
considered the use of 30 neighbors as optimal choice for the generation of the
PDF.

To improve the performance of the classifier and deal with the curse of di-
mensionality, an study for the selection of the optimal features was carried out
following the guidelines given in [10]. As criterion function for evaluating the
goodness of the classifier we chose J(X) = 5 +cv’ where X is the set of selected
features in each stage of the feature selection algorithm and CV corresponds to
the error estimated by 5-fold cross validation.

For the study of the monotonicity of the criterion curve, we performed a pre-
liminary feature selection using a sequential search algorithm. Both Sequential
Forward Selection (SFS) and Sequential Backward Selection (SBS) were consid-
ered. As can be appreciated from Figure 1(b), the criterion curve has in both
cases an approximated monotonic behavior if we ignore the degradation in per-
formance when almost all features are excluded. Taking into account this non
monotonicity and the number of features, we decided to use a Sequential Float-
ing algorithm for feature selection. Both Sequential Forward Floating Selection
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Fig. 1. (a) Mean five-fold cross validation error from the study over 10 exper-
iments. (b) Criterion curves from sequential feature selection algorithms. The
values of Jmaz, Jo and mq are indicated on the plot.

(SFFS) and Sequential Backward Floating Selection (SBFS) were considered.
As happened with the non floating sequential method, backward algorithms had
better performance. For this reason, we used SBFS for feature selection. We
chose the degree of degradation compared with the maximum criterion value «
equal to 1%. From this a-degradation, we determined the criterion value J, as
a threshold and the corresponding number of features mq as desired feature set.
Therefore, the dimensionality of the feature set was reduced from 55 to 28. The
index of overlapping for selected features performed between SBES and SFFS
was approximately equal to 81%.

3 Results and Conclusions

3.1 Results

We computed the estimated PDF with a GMM and a non parametric model
and performed both segmentations in a data base of 39 brain aneurysms. Fig-
ure 2 presents two examples of the estimated PDF using the GMM and the
non parametric assumption. Figure 3 presents two examples of brain aneurysm
segmented with the Geodesic Active Regions method with PDF estimated using
the GMM and the non parametric assumption.

3.2 Conclusions

In this work, we have presented a method for the estimation of the underlying
PDF of the tissues presented on cerebral Computed Tomography Angiography
images. The K-means clustering method is used for an automatic construction
of the train set and a Parzen Windows estimator based on the kNN rule is used
for computing the PDFs. The features used for estimation represent not only
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(d)

(g)

(h) (i) @

Fig. 2. PDF estimation form vessel, background and bone tissues. Light pixel
values indicates high probability. The first row shows an example of brain
aneurysm next to bone tissue and the second row an example without bone
tissue. In this case, there is no estimated PDF for bone tissue. (a) and (h) show
an slice of the grey level image. (b),(c),(d) and (i),(h) are the estimated PDF
using a GMM. (e), (f), (g) and (k),(1) represent the results of the non parametric
estimation.

(a) (b) () (d)

Fig. 3. Segmentation of brain aneurysms with the Geodesic Active Regions
model. (a) and (b) show a model of a Posterior Communicating Artery aneurysm
segmented using the GMM and the non parametric estimation methods. Bone
tissue is next to the aneurysm in this example. (¢) and (d) show a model of a
Middle Cerebral Artery aneurysm. In this case, bone tissue is not present in the
image.

the information of the intensities of the tissues but also geometrical properties
of the tissues in a multiscale fashion. We believe that, due to the generality of
the framework, this method could be also applied to the segmentation of other
organs and/or medical imaging modalities.

The estimated PDF from the GMM show a worse performance in the exam-
ples than the ones estimated from the non parametric method, particularly, in
images with bone tissue next to the aneurysms. In fact, the GMM shows a high
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value of the probability for vessel tissue in the boundaries of the bone tissue
thus being unable to discriminate the overlapped intensities. This model also
shows high value for probability of bone in the dome of the aneurysm. The use
of a feature space that discriminates between local geometrical structure im-
proves the discrimination in this problematic locations. Starting from the same
initialization, the Geodesic Active Regions achieved results that seem to be more
accurate than the ones obtained with the non parametric descriptors. In images
with bone tissue next to the aneurysm, the GMM based descriptors forced the
front evolving towards missclassified areas recovering the part of the bone tissue
coupled to the aneurysm.

In summary, we have presented a method for the estimation of tissue PDF

in medical images and demonstrate that it improves the performance of the
Geodesic Active Regions method in the segmentation of brain aneurysms in
CTA images.
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Abstract. We previously proposed a deformable model for automatic and accu-
rate segmentation of prostate boundary from 3D ultrasound (US) images by
matching both prostate shapes and tissue textures in US images[6]. Textures
were characterized by a Gabor filter bank and further classified by support vec-
tor machines (SVM), in order to discriminate the prostate boundary from the
US images. However, the step of tissue texture characterization and classifica-
tion is very slow, which impedes the future applications of the proposed ap-
proach in clinic applications. To overcome this limitation, we firstly implement
it in a 3-level multi-resolution framework, and then replace the step of SVM-
based tissue classification and boundary identification by a Zernike moment-
based edge detector in both low and middle resolutions, for fast capturing
boundary information. In the high resolution, the step of SVM-based tissue
classification and boundary identification is still kept for more accurate seg-
mentation. However, SVM is extremely slow for tissue classification as it usu-
ally needs a large number of support vectors to construct a complicated separa-
tion hypersurface, due to the high overlay of texture features of prostate and
non-prostate tissues in US images. To increase the efficiency of SVM, a new
SVM training method is designed by effectively reducing the number of sup-
port vectors. Experimental results show that the proposed method is 10 times
faster than the previous one, yet without losing any segmentation accuracy.

1 Introduction

Prostate cancer continues to be the second-leading cause of cancer death in American
men [1]. As transrectal ultrasound (TRUS) images have been widely used for the
diagnosis and treatment of prostate cancer, the accurate segmentation of the prostate
from TRUS images plays an important role in many clinical applications [1]. Accord-
ingly, a number of automatic or semi-automatic segmentation methods have been
proposed. Ghanei et.al. [2] and Hu et.al. [3] designed 3D discrete deformable models
to semi-automatically outline the prostate boundaries. Shao et al [4] proposed a level
set method to detect the prostate in the 3D TRUS images. Gong et al [5] provided a
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Bayesian segmentation algorithm, based on deformable superellipses model, to seg-
ment 2D prostate contours.

We previously proposed a statistical shape model to segment the prostate from 3D
TRUS images by matching both prostate shapes and tissue textures in TRUS images
[6]. The effectiveness of our previous method is mainly resulted from the joint use of
two novel techniques, (i) a Gabor filter bank used for 3D texture features extraction
and (ii) support vector machines (SVM) used for texture-based tissue classification.
However, both of these two techniques are computationally very expensive, thereby
impeding the fast segmentation of prostates from 3D TRUS images. To overcome this
limitation, this paper presents an efficient segmentation approach, which is imple-
mented in a 3-level multi-resolution framework and is further speeded up by two
techniques respectively designed for different resolutions. In both low and middle
resolutions, a Zernike moment-based edge detector is used to replace the step of
SVM-based tissue classification and boundary identification, for fast boundary detec-
tion. In the high resolution, a new SVM training method is designed to improve the
efficiency of SVMs by reducing the number of support vectors, which are initially
required to construct a very complicated separation hypersurface for the classification
of the highly confounding prostate and non-prostate tissues in TRUS images. By
using these techniques, our approach for prostate segmentation is highly speeded up,
yet without losing any segmentation accuracy.

2 Methods

Our previous deformable shape model [6] uses both statistical shape information and
image texture information to segment the prostate boundary. Its success in prostate
segmentation results from the texture analysis, which distinguishes prostate and non-
prostate tissues from noisy TRUS images. However, the two techniques employed in
texture analysis, i.e., a Gabor filter bank for texture characterization and SVMs for
texture-based tissue classification, are both computationally very expensive. For ex-
ample, it takes about 40 minutes to segment a prostate from a 256x256x176 TRUS
image, using SGI workstation with a S00MHz processor. Therefore, it’s necessary to
speed up the segmentation approach.

For fast segmentation, we firstly formulate the segmentation approach in a 3-level
multi-resolution framework, which has been widely used to increase the speed of the
algorithms in the literature [7,8]. For example, the original TRUS image is decom-
posed into three multi-resolution images, i.e. the image of original size and the im-
ages down-sampled by factors 2 and 4. The surface model is initialized at the lowest
resolution, and subsequently deforms to the prostate boundary. The segmentation
result in the lower resolution is up-sampled to the next higher resolution, and used as
initialization of the deformable model in the higher resolution. These steps are iter-
ated until the deformable model converges to the prostate boundary in the highest
resolution.

Besides the multi-resolution framework designed above, two effective methods,
i.e., Zernike moment-based edge detector and a new training method for generating
efficient SVMs, are particularly designed to speed up the segmentation approach in
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low resolutions and high resolution, respectively. The details of these two techniques
are described next.

2.1 Zernike Moment Based Edge Detection

As discussed above, although a Gabor filter bank [9] is capable of extracting robust
and rich texture features, it is computationally very expensive due to the use of Gabor
filters at multiple scales and orientations. Additionally, as texture features are region-
based features, prostate tissues in the down-sampled TRUS images usually have less
distinguished texture features, compared to those in the original images. Therefore,
boundary information, directly computed from the intensities, is better than texture
information for guiding the deformable model in both low and middle resolutions.

Zernike moment-based edge detector has been proposed in [10]. It has three ad-
vantages in edge detection. First, as Zernike moments are integral-based operators, it
is noise tolerant, which is especially important for detecting prostate boundaries in the
noisy TRUS images. Second, as detailed next, this edge detection method provides a
more complete description of the detected edges than the traditional edge detector, e.g.
Canny edge detector. Third, as only three masks, i.e., two real masks and one com-
plex mask, are required to get the edge features of each voxel, it is computationally
more efficient than the Gabor filter bank which used 10 masks [6].

Zernike moment operator projects the image data onto a set of complex polynomi-
als, which form a complete orthogonal set over the interior of a unit circle. For an
image f(x, ), its Zernike moment of order n and repetition m can be defined as:

_n+l

Zp =" [ 3)V,,(p,O)dxdly )

x2+yZSl

where V,, (0,8)=R, (p)e™
{n—im/2

Rop)= [(—I)S(n—s)!p”’z‘]/ [s!(”+2"”‘—s)!(”‘l’”'—s)!], and (p,8) are the

5=0

polar coordinates of (x,y).

Considering an ideal step edge (c.f. Fig 1), its important features include the step
height k, the background gray level &, the perpendicular distance from the center of
the circular kernel /, and the angle of edge with respect to the x-axis @. All these fea-
tures can be mathematically represented by three low order Zernike moments (Zg, Z3,
Zy ) as:

@ = tan"'[Im(Z,,)/Re(Z,,)) (2a)
I=Z20/Zl'l (2b)
k=32, /20-1*" (2¢)

b=~ k) 2+ ksin™ (@) + KINT=F )z (2d)
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where Z;], =Z, e/, and Re(.) and Im(.) represent the real part and the imaginary part
of a complex value, respectively. Similarly, Zernike moments can be used to measure
the general edges in the 2D image by using eq. (2).

" Coronal Plane

Fig. 1. A 2D ideal step edge model. Fig. 2. Schematic explanation of using two 2D
edge vectors to roughly reconstruct a 3D edge
vector.

Notably, rather than extending the 2D Zernike moment to 3D, we simply apply
two orthogonal 2D Zernike moment operators, which respectively lie on the axial
plane and the coronal plane (c.f. Fig 2), to get two sets of edge features for each voxel
v, ie, (BN ELENE)IM),0™M (7)) and (B (5),k°(3),1°7 (), ™" (7)} - As shown
in Fig 2, two 2D edge vectors can be roughly considered as two projections (black
dashed arrows) of a 3D edge vector (black solid arrow) in the axial and the coronal
planes, respectively. (Edge vector is a vector whose magnitude and direction repre-
sent the edge strength and the normal direction of the edge, respectively.) Thus, the
3D edge vector, i.e., e(v), can be represented by two 2D edge vectors as follows:

&(%) = k™ (V) [cos(¢™ (7)), sin(@™ (7)), sin(p™™ (7)) tan(p ™ (7)) 3)

In our previous segmentation approach [6], an energy function is defined on each
vertex P; of the deformable surface model, and it is used to evaluate the matching
degree of the deformable model with the prostate boundaries in the TRUS images.
The energy function consists of two energy terms, i.e., the external energy, which
drives the deformable model to the prostate boundary, and the internal energy, which
preserves the geometric regulation of the model during deformation. By jointly mini-
mizing these two terms, the deformable model is able to converge to the prostate
boundaries. In this study, the external energy is re-formulated such that the edge fea-
tures captured by Zernike moments are employed to guide the deformable segmenta-
tion, while the internal energy remains the same. Accordingly, for each vertex P;, its
external energy is defined as:

EEXt( ) WStrEn(ﬁi)+WDistEstt(_;)+WIntEInt(ﬁz) “@
where £, ()= (_Z‘;)ﬁ(é),é(m/ ;lj oic (B )= min(14 (B), 17 (By) and

E.(P)=

05)+1°76) /vgg)—ﬂ(éj

VieN P,
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There are three items in Eq. (4). The first item denotes the integrated edge strength
in the spherical neighborhood of P;, i.e., N(P;). Notably, the edge strength is projected
to the normal direction of the deformable surface at P;, n(P;), by the inner product
< - >. The second item denotes the distance from P; to the boundary. The third item
requires that the deformable model converges only to the boundary with the intensity
similar to the learned average intensity, H(P;), which is captured for vertex P; from a
set of training samples. By jointly minimizing these three items, the deformable
model is thus driven to the prostate boundaries in both low and middle resolutions of
TRUS images.

2.2 A Training Method for Increasing the Efficiency of SVM

Zernike moment-based edge detector is able to detect prostate boundaries in the low
and the middle resolutions, however, it is not effective in accurately delineating pros-
tate boundaries in the high resolution as the prostate boundaries are usually blurred
by speckle noise in the original TRUS images. Accordingly, we still use the statistical
texture matching method [6], which consists of texture characterization by a Gabor
filter bank and texture-based tissue classification by SVMs, for prostate segmentation
in the high resolution stage of our multi-resolution framework.

In our method, a set of SVMs are employed for texture-based tissue classification
[6]. Each of them is attached to a sub-surface of the model surface and trained by the
manually-labeled prostate and non-prostate samples around that sub-surface. In the
testing stage, the input of the SVM is a feature vector, which consists of Gabor fea-
tures extracted from the neighborhood of a voxel, and the output denotes the likeli-
hood of the voxel belonging to the prostate. In this way, the prostate tissues are dif-
ferentiated from the surrounding ones. However, since the Gabor features of TRUS
prostate images vary greatly across the individuals and their distribution is highly
overlapped between prostate and non-prostate regions, the trained SVM usually has a
huge number of support vectors. This is because (i) a large number of the support
vectors, locating at the margins, are required to construct a highly convoluted hyper-
surface, in order to separate two classes; (ii) even the highly convoluted separation
hypersurface has been con-structed, quite a lot of confounding samples are still mis-
classified and thus selected as other support vectors, locating beyond the margins.
Notably, this huge number of support vectors will dramatically increase the computa-
tional cost of the SVM. Therefore, it is necessary to design a training method to de-
crease the number of support vectors of the finally trained SVM, by simplifying the
shape of the separation hypersurface.

The basic idea of this training method is to selectively exclude some training sam-
ples, thereby the remaining samples are possible to be separated by a less convoluted
hypersurface. Since the support vectors determine the shape of the separation hyper-
surface, they are the best candidates to be excluded from the training set, in order to
simplify the shape of the separation hypersurface.

However, excluding different sets of support vectors from the training set will lead
to different simplifications of the separation hypersurface. Fig 3 presents a schematic
example in the 2-dimensional feature space, where we assume support vectors exactly
locating on the margins. As shown in Fig 3(a), SVM trained by all the samples has 10
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support vectors, and the separation hypersurface is convoluted. Respective exclusion
of two support vectors, SV, and SV, denoted as gray crosses in Fig 3(a), will lead to
different separation hypersurfaces as shown in Figs 3(b) and 3(c), respectively. SVM
in Fig 3(b) has only 7 support vectors, and its hypersurface is less convoluted, after
re-training SVM with all samples except SV|. Importantly, two additional samples,
denoted as dashed circle/cross, were previously selected as support vectors in Fig 3(a),
but they are no longer selected as support vectors in Fig 3(b). In contrast, SVM in Fig
3(c) still has 9 support vectors, and the hypersurface is very similar to that in Fig 3(a),
even SV; has been excluded from the training set.

- dorgin mfg's; +
(b) {c}

Fig.3. Schematic explanation of how to selectively exclude the support vectors from the train-
ing set, in order to effectively simplify the separation hypersurface. The solid and dashed
curves denote the separation hypersurfaces and their margins, respectively. The circles and the
crosses denote the positive and the negative training samples, which are identical in (a), (b) and
(c). The training samples locating on the margins are the support vectors.

The reason of SVM in Fig 3(b) being more efficient than that in Fig 3(c) is that the
excluded support vectors SV, contributes more to the convolution of the hypersurface.
For each support vector, its contribution to the convolution of hypersurface can be
approximately defined as the generalized curvature of its projection point on the hy-
persurface. For example, for SV, and SV, in Fig 3(a), their projection points on the
hypersurface are J; and J,. The curvature of the hypersurface at point J; is much lar-
ger than that at point J,, which means the support vector SV; has more contribution to
make the hypersurface convoluted. Therefore, it is more effective to “flatten” the
separation hypersurface by excluding the support vectors, like SV, with their projec-
tion points having the larger curvatures on the hypersurface.

Accordingly, the new training method is designed to have the following four steps.

Step 1. Use all the training samples to train an initial SVM, resulting in /; initial
support vectors {S¥;",i=12,..,4} and the corresponding decision function d;.

Step 2. Exclude the support vectors, whose projections on the hypersurface have
the largest curvatures, from the training set:

2a. For each support vector SV;™, find its projection on the hypersurface,
P(SV™), along the gradient of distance function dj.
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2b. For each support vector SV;™, calculate the generalized curvature of
P(SV{™) on the hypersurface, ¢(S V).

2¢. Sort S¥™ in the decrease order of e(SV™), and exclude the top n percent-
age of support vectors from the training set.

Step 3. Use the remaining samples to retrain the SVM, resulting in /, support vec-
tors {S¥,*°,i=1,2,..,,,} and the corresponding decision function d,. Notably, b is
usually less than /.

Step 4. Use the , pairs of data points {SV**,d,(SV,**)} to finally train the SVRM

(Support Vector Regression Machine) [12], resulting in / final support vectors
{S¥V",i=12,---1} and the corresponding decision function ds. Notably, 4 is usually
less than Z,.

Using this four-step training algorithm, the efficiency of the trained SVMs will be
highly enhanced with very limited loss of classification rate, which will be shown in
the first experiment. Notably, as in the statistical texture matching method, the match-
ing degree of the deformable model with the prostate boundaries is defined in a noise
tolerant fashion [6], a little loss of classification, i.e., a little number of mis-classfied
voxels, will not influence the segmentation accuracy, while the segmentation speed is
greatly increased.

3 Experimental Results

The first experiment is presented to test the performance of the proposed training
method in increasing the efficiency of SVMs. We firstly select prostate and non-
prostate samples from six manually labeled TRUS images. 3621 samples from one
image are used as testing samples, while 18105 samples from other five images are
used as training samples. Each sample has 10 texture features, extracted by a Gabor
filter bank [9]. We use our method to train a series of SVMs by excluding different
percentages of support vectors in Step 2c of our training method. The performances
of these SVMs are measured by the number of support vectors finally used and the
number of correct classifications among 3621 testing samples. As shown in Fig 4(a),
after excluding 50% of initially selected support vectors, the finally-trained SVM has
1330 support vectors, which is only 48% of the support vectors (2748) initially se-
lected in the original SVM; but its classification rate still reaches 95.39%. Compared
to 96.02% classification rate achieved by original SVM with 2748 support vectors,
the loss of classification rate is relatively trivial. If we want to further reduce the
computational cost, we can exclude 90% of initially selected support vectors from the
training set. Our finally-trained SVM has only 825 support vectors, which means the
speed is triple, and it still has 93.62% classification rate. To further validate the effect
of our trained SVM in prostate segmentation, the SVM with 825 support vectors
(denoted by the white triangle in Fig 4(a)) is applied to a real TRUS image for tissue
classification. As shown in Figs 4(b1) and 4(b2), the result of our trained SVM is not
inferior to that of the original SVM with 2748 support vectors (denoted by the white
square in Fig 4(a)), in terms of differentiating prostate tissues from the surrounding
ones.
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In the second experiment, the proposed segmentation approach is applied to seg-
ment prostates from six real 3D TRUS images. A leave-one-out validation method is
used, i.e., each time five images are used for training, and the remaining one is used
for testing. The size of 3D images is 256x256x176, with the spatial resolution
0.306mm. Fig 5(a) shows the multi-resolution deformation procedure on one of the
TRUS im-ages. The white contours, labeled as “LF”’, “MF” and “HF”, denote the
finally de-formed models in the low, middle and high images, respectively. Notably,
the models in both low and middle resolutions are guided by the Zernike moment-
based edge detector, while the model in the high resolution is guided by the statistical
texture matching method. The algorithm-based segmentation result is compared to the
hand-labeled result in Fig 5(b). Moreover, Table 1 gives a quantitative evaluation of
this comparison to all the six TRUS images. From both visual results and quantitative
analysis, we can conclude that our automated segmentation method is able to segment
the prostate from noisy TRUS images. Importantly, using a SGI workstation with
500MHz processor, the average running time for segmenting a prostate is 4 minutes,
which is 10 times faster than our previous method [6].

4500 3390(93.62%)
3000

748
2500 i

2000 \\\
1500

“\1-‘390\‘\
1000

T

0% 10% 20% 30% 40% 50% E0% T0% 80% 90%
P tage of Initial Support Vectors d from the Training Set

(a)

(1) o b2)
Fig. 4. (a) The performance of the finally-trained SVM changes with the percentages of initial
support vectors excluded from the training set. (b) Comparisons of tissue classification results
using (bl) the original SVM with 2748 support vectors and (b2) our trained SVM with 825

support vectors. The tissue classification results are shown only in an ellipsoidal region and
mapped to 0~255 for the display purpose.
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Table 1. Comparison of the algorithm-based segmentation and the hand-labeled segmentation
on six real TRUS images.

Subjects Average Distance Overlap Volume Volume
(Voxels) Error (%) Error (%)

Imagel 1.01 3.90 2.06
Image?2 0.96 4.04 2.15
Image3 0.95 3.32 1.12
Image4 1.22 4.63 4.47
Image5 1.34 4.87 1.30
Image6 1.13 4.03 2.25
Mean 1.10 4.13 2.23
Stand. Deviation 0.16 0.55 1.19

4 Conclusion

We have proposed an efficient segmentation approach for fast segmentation of pros-
tates from 3D TRUS images. Our segmentation approach was formulated as a multi-
resolution framework, and it was speeded up by two techniques, respectively de-
signed for different resolutions. In both low and middle resolutions, Zernike moment-
based edge detector is used to replace the step of SVM-based tissue classification and
boundary identification, for fast capturing boundary information for deformable seg-
mentation. In the high resolution, a new training method has been designed to in-
crease the efficiency of the finally trained SVM for texture-based tissue classification,
thereby equally increasing the efficiency of texture matching step in deformable seg-
mentation procedure. Compared to our previous segmentation method [6], the pro-
posed one is 10 times faster in segmenting 3D prostate from TRUS images, yet with-
out losing any segmentation accuracy.

@
Fig. 5. (a) A typical multi-resolution deformation procedure. The contour denotes the model on
a selected slice of the TRUS image. The contour in the image “I” is the initialized model in the
low resolution. The contours in the images “LF” “MF” and “HF” denote the finally deformed
models in the low, middle and high resolution images. (b) Visual comparisons between algo-
rithm-based and hand-labeled segmentation results. The white contours are the hand-labeled
results, while the dashed ones are the algorithm-based segmentation results.
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Abstract. White matter lesions are common pathological findings in
MR tomograms of elderly subjects. These lesions are typically caused by
small vessel diseases (e.g., due to hypertension, diabetes). In this paper,
we introduce an automatic algorithm for segmentation of white matter
lesions from volumetric MR images. In the literature, there are methods
based on multi-channel MR images, which obtain good results. But they
assume that the different channel images have same resolution, which
is often not available. Although our method is also based on T1 and
T2 weighted MR images, we do not assume that they have the same
resolution (Generally, the T2 volume has much less slices than the T1
volume). Our method can be summarized as the following three steps: 1)
Register the T1 image volume and the T2 image volume to find the T1
slices corresponding to those in the T2 volume; 2) Based on the T1 and
T2 image slices, lesions in these slices are segmented; 3) Use deformable
models to segment lesion boundaries in those T1 slices, which do not
have corresponding T2 slices. Experimental results demonstrate that our
algorithm performs well.

1 Introduction

White matter lesions are common pathological findings in MR tomograms of
elderly subjects, which are typically caused by small vessel diseases (e.g., due to
hypertension, diabetes). It is currently under debate how much the presence of
these lesions is related to cognitive deficits in elderly subjects. So an automatic
analysis is very useful. But building reliable tools to segment MR images with
pathological findings is a nontrivial task. Manual segmentation is a fundamen-
tal way to segment MR images, but it takes a trained specialist a lot of time
because of the large amount of image data. Moreover, different specialists may
give different segmentation results. Compared with manual segmentation, the
advantages of automatic segmentation include increased reliability, consistency,
and reproducibility.

In the literature, several brain lesion segmentation methods have been in-
troduced [1,2,3,4,5,6,7], and many of them concentrate on multiple sclerosis
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(MS) [3.4,7]. Some of these algorithms use only T1-weighted images [5,6], others
are based on multi-channel volumes [1,3,4]. In [1], a semi-automatic method is
introduced, in which typical tissue voxels (white matter, cerebral spinal fluid,
and gray matter, lesions) are selected by the user to train an artificial network,
then it is used to analyze the MR images; Leemput, et al. [3] view lesions as
outliers and use a robust parameter estimation method to detect them. A multi-
resolution algorithm is used to detect Multiple Sclerosis lesions in [4]. Kovalev,
et al. [5] take advantage of texture analysis to extract features for description
of white matter lesions. In [7], models of normal tissue distribution are used for
brain lesion segmentation, but they label lesions in the transformed data space,
instead of the original image volume.

The main obstacle to white matter lesion segmentation is that the intensities
of white matter lesions and gray matter are very similar in T1-weighted images
, therefore they can not be distinguished only by intensities of the T1 images
(see Fig. 1). It is expected that multi-channel based methods will obtain better
results. On most current scanners, it takes an inacceptable long time to acquire a
T2-weighted image volume at the same resolution as a T1-weighted volume, that
is approximately 1 mm in all spatial directions. Thus, most imaging protocols
only allow for the acquisition of a sparse set (20-30) of T2-weighted slices at a
typical slice thickness of 5-7 mm. The aim of this paper is to develop a white
matter lesion segmentation algorithm based on multi-channel MR volumes, but
we do not assume that T1 volumes and T2 volumes have the same resolution.
Our algorithm can be summarized as follows: 1) Register the T1 image volume
and the T2 image volume to find the T1 slices corresponding to those in the
T2 volume; 2) Based on the T1 and T2 image slices, lesions in these slices
are segmented; 3) Use deformable models to segment lesion borders in those
T1 slices, which do not have corresponding T2 slices. The deformable model is
initialized according to the neighboring segmented lesions based on both T1 and
T2 slices.

The rest of the paper is organized as follows: Section 2 is devoted to the
segmentation of lesions based on both T1 image and T2 image slices. We de-
scribe how to apply deformable models for lesion segmentation in Section 3;
Experimental results are given in Section 4; A summary is made in Section 5.

2 Lesion Segmentation Based on T1 and T2 Slices

As for the T1 image volume and the T2 image volume are of the same person
and are scanned almost in the same time, registration methods based on rigid
transformation are enough for our requirements. We use the registration method
[8] to find which T1 slices correspond to those T2 slices. And these T1 slices
form a T1 volume denoted by S with the same resolution as the T2 volume.
At the same time, the T1 volume is transformed using the same transformation
parameters.

We firstly segment lesions in those T1 weighted slices that have corresponding
T2 slices. These segmented lesions provide some location and shape information
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Fig. 1. Illustration of image parts, which can not be distinguished only by T1
image.

of the lesions in other slices. The steps to segment lesions based on T1 and T2
slices are as follows:

— Both the selected T1 image volume S and the T2 volume are segmented
using a C-fuzzy mean algorithm [9]. Only those voxels, which are similar
with gray matter in T1 channel and similar with CSF in T2 channel are
classified as lesions. This can be expressed as follows:

Des = {Ulpv,gm(Tl)pv,csf(TQ) > ﬂ} (1)

where Py, gm(T'1) and py cs5(7'2) are the memberships indicating in how much
context voxel v belongs to gray matter in T1 volume and belongs to CSF in
T2 volume, respectively.

— From the segmented lesions, we can obtain some statistical lesion information
(mean value pyes and standard deviation ojes ).

Some slices of the T2 image volume, its corresponding T1 slices and the seg-
mented lesions are shown in Fig. 2.

3 Lesion Segmentation by Applying Deformable Models

Following the lesion segmentation in the corresponding slices, it is necessary to
process those slices without corresponding T2 slices. We assume that the lesions
in neighboring T1 slices are similar, that is, the location and shape of the lesions
does not greatly vary. This is likely, when the T1 volume resolution in the slice
direction is high (our image data is 1mm) and the lesions are not very small.
We can make use of the the location and shape information obtained from the
segmented lesions based on both weightings. We use deformable models to ac-
complish this task. The deformable model is firstly initialized by the neighboring
segmented lesions, then adapts itself according to the current image slice.
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Fig. 2. Original slices and segmented lesions. The first row is the mapped T1
slices; The second row is original T2 slices; And the last row is the segmented
lesions.

3.1 Representation of the Discrete Contour Model

In this section, we give a brief description of the original model ( refer to [10] for
details). The model is made up of a group of vertices connected by edges (see
Fig. 3). The position of vertex V; is represented by vector p;. The unit vector
of the edge between vertex V; and Vi1 is denoted by d;. The unit tangential
vector at vertex % is defined as

di-y +d;
R i 2
Tas T 4] @

The radial vector r; is obtained by rotating the tangential vector 7/2 clockwise.
Each vertex moves along its radial vector during the deformation. The movement
of each vertex is based on the sum of the internal, external, and a damping
force. The internal force, which is based on the curvature ¢; = d; — d;_1, makes
the dynamic contour smooth. The damping force fiamsp,: is proportional to the

Fig. 3. The model consists of a set of vertices V;, which are connected by
edges D;.
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velocity of the vertex. The contour deformation is computed in discrete positions
in time

pit + At) = pi(t) + v;(t) At (3)
vi(t + At) = vi(t) + as(t) At (4)
ai(t + At) = fi(t + At)/m; (5)
Ji = Wez fez,i + Win fin i + Wdamp fdamp,i (6)

where a;, v; and m; are vertex acceleration, velocity and mass, respectively;
Wez, Win, and Wyemp are weights for the external, internal, and damping forces,
respectively. For a special application, it is important to define the external force.

3.2 External Forces

For an application of the discrete contour model, it is of great importance to
define a proper external force. Our external force includes an edge based compo-
nent, a balloon component and a shrinking component. Often there are multiple
boundaries near the lesions. We assume that the initial contour is placed near
the real edge of the lesions. The assumption is true, when the T1 image volume
has high resolution along the slice direction and the lesion is not too small. And
we also define the balloon and shrinking force to cope with the cases that the
assumption is not true. The total external force is:

fe:z:,i = fe:z:,i,ege + fex,i,bal + fe:z:,i,sh,r (7)

— Edge based component: we search the nearest edge in the direction of ;.
The point on this direction can be represented by p; + xr;. The intensities
of the points p; + zr; form an function g(p; + zr;) with —L < z < L, where
L is a constant. The nearest edge point is

P =pi+ (8)

where z* is the minimum of x, which satisfies g(®(p; + zr;) = 0. The edge
based component is then calculated by

fewiege = ((P* ~ pi)-ri)rs = x*r; (9)

— Balloon component: In some cases, the initial vertex is inside the lesions, so a
balloon force is required to let the vertex move outside. We use I; to denote
the set made up of vertex ¢ and its four nearest neighbors. if |I; — ijes| < Tles,
J € I, then fex i,pa0 = —7. Here I is the intensity of pixel j; pres and Gies
are the mean value and standard deviation of the lesions, respectively, which
are obtained during the lesion segmentation based on both weightings.

— Shrinking component: The initial vertex sometimes locates outside the le-
sions, therefore we add a shrinking component to let the vertex move inside.
if |Ij - /—Llesl > 201es, j € I, then fez,i,shr =7
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Fig. 4. Some slices of segmented lesions of one patient.

4 Experimental Results

Our experimental image volumes were obtained by a 1.5 Tesla clinical MR scan-
ner. The voxel size of the T1 volume is 0.977 x 0.977 x 1 mm; The T2 volume is
0.498 x 0.498 x (5.0 — 7.0) mm.

In our experiment, some important parameters are asfollows: § = 0.2, A =
05, m; = 1, Wez = 2.5, Win = 2, Wdamp = 1, L = 5, v = 1. In Fig. 4 and
Fig. 5, some slices of the segment results of different patients are displayed, in
which the boundaries of the lesions are shown. Validating the extent of the white
matter lesions is difficult: Lesion borders are faint, and sometimes the distinction
between a lesion and grey matter of a fundus region is hard to draw. Thus, we
resort to a critical visual inspection of the results by a neuroradiologist. Note
that the caudate nucleus that is similar in intensity to grey matter and is often
adjacent to a white matter lesion, is correctly excluded from the lesion area here.

The effect of the internal force is to make the curve smooth. The larger the
parameter w;y, the smoother the curve. The external force try to let the curve
approach the image edges. The final obtained curve is a trade-off between the
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Fig. 5. Some slices of segmented lesions of another patient.

external force and internal force. For our image datasets, the above parameter
values are proper. It seems that they are too many parameters. In fact, for a
set of image volumes, we can adjust them once and they can be used for all
other image volumes. In all of the parameters, the user must adjust 8. For our
image volumes, 8 = 0.1 — 0.2 is proper, which can be seen from Fig. 6. Because
the deformable model adapts itself based on the image slices, the result is not
sensitive to parameter 3.

S Summary

In this paper, we developed a novel and effective white matter lesion segmen-
tation algorithm. Our method is based on T1 and T2 image volumes. But we
do not assume that they have the same resolution. We firstly analyze those T1
slices, which have corresponding T2 slices. The segmented lesions in these slices
provide location, shape and intensity statistical information for processing other
neighboring T1 slices without corresponding T2 slices. This prior information is
used to initialize a discrete contour model in the segmentation of the remaining
T1-weighted slices.
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Fig. 6. Effect of parameter 3, from left to right 8 = 0.1, 0.15, and 0.2, respec-
tively.
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Abstract. The paper describes a machine learning approach for improving ac-
tive shape model segmentation, which can achieve high detection rates. Rather
than represent the image structure using intensity gradients, we extract local
edge features for each landmark using steerable filters. A machine learning al-
gorithm based on AdaBoost selects a small number of critical features from a
large set and yields extremely efficient classifiers. These non-linear classifiers
are used, instead of the linear Mahalanobis distance, to find optimal displace-
ments by searching along the direction perpendicular to each landmark. These
features give more accurate and reliable matching between model and new im-
ages than modeling image intensity alone. Experimental results demonstrated
the ability of this improved method to accurately locate edge features.

1 Introduction

Segmentation is one of important areas in image analysis. Previous edge-based
method focus on the analysis and design of filters for detection of local image struc-
ture, such as edges, ridges, corners and T-junctions. Among them, steerable filters
[11[2] can provide any orientation information, which are sensitive to the presence of
edges, bars and other simple image structure. Unfortunately, it is difficulty to obtain
good results only to use this kind of edge-based method under poor conditions.

Active contours or snakes [3][4], and level sets [5] can usually deform freely to
reach the real boundaries of objects by energy minimization, given any initial curve
(surface) and regardless of topological variations. But such methods have little priori
knowledge incorporated, and the assumption about object boundaries coinciding with
edges or ridges is usually not tenable.

Active shape models (ASM) proposed by Cootes et al. [6], provide popular shape
and appearance models for object localization. The method makes full use of priori
shape and appearance knowledge of object and has the ability to deform within some
constraints. Based on modeling local features accurately, ASM obtains good results in
shape localization [9][10].

In recent years, some segmentation approaches based on ASM are found in the lit-
erature. They mainly focus on two fold: 1) image description; Rather than intensity
gradients, several image features are extracted to represent local image structure. In
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order to implement accurate and reliable matching between models and new images,
LM. Scott et al. [11] used gradient orientation, corner and edge strength as local
structure descriptors. Bram van Ginneken et al.[7] used the moments of local histo-
grams extracted from filtered versions of the images by a filter bank of Gaussian
derivatives to construct local image structure descriptors. Jiao et al. [12] used Gabor-
Wavelet features to model local structures of the image. 2) Modeling local features;
One simple way to model features is to calculate the mean jet of each landmark in all
training images. Then for every landmark, the PCA is applied to model the variability
of local features descriptors. When feature space is very high or the distribution of
samples is non-Gaussian, the above modeling method doesn’t work well. Bram van
Ginneken et al. [7] provided a new approach to model local structure features. They
perform a statistical analysis to learn which descriptors are the most informative at
each resolution, and at each landmark. The kNN classifier with the selected set of
features by sequential feature forward and backward selection is constructed at each
landmark. Jiao et al. [14] used an E-M algorithm to model the Gabor feature distribu-
tion.

There are two contributions of our work. One contribution is to extract local edge
orientation features using steerable filters as local image structure descriptions. This,
to a large extent, compensates deficiency in the search based on intensity gradients.
The other contribution is to introduce a machine learning algorithm to model match-
ing, which construct a classifier for each landmark by selecting a small number of
important features using AdaBoost [8].

The rest of the paper is organized as follows: The original ASM algorithm is
briefly described in Section 2. In Section 3, we present our edge-based representation
for local structure of shape, and a machine learning algorithm based on AdaBoost is
used to construct efficient classifier for local edge structure, then how to search is
presented. Experimental results are presented in Section 4, and conclusions are drawn
in Section 5.

2 Active Shape Model

2.1 Shape Model

In order to capture the variability in shape from training examples, a 2-D point distri-
bution model can be built. Each training image is represented by n manual landmark
points. Each point represents a particular part of the object or its boundary, so must
be placed in the same way on every training example. The landmarks from each im-
age are represented as a vector x and then aligned by Procrustes Analysis [15].

X =(X;s Viseer X5 V0 ) ¢y

The modes of variation can be found by applying principle component analysis [13]
to the deviations from the mean.

Any shape in the training set can be approximated using the mean shape and a
weighted sum of these deviations obtained from the first # modes
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X=X+Pb 2)

where b is a vector of ¢ shape parameters. Different b corresponds to different shape
in the model. By constraining the value of parameter b, we can ensure the generated
shape is in the range of the allowable variation of the shape model.

2.2 Local Appearance Models

In order to guide the matching between the model and the object, it is necessary to
construct local appearance model for each landmark in the training examples.

In ASM, the local image feature of each landmark is represented by sampling in-
tensity gradients along the profile perpendicular to the landmark contour. It is as-
sumed that these local image features are distributed as a multivariate Gaussian for
each landmark. Then the similar appearance model can be constructed by deriving the
mean profile and the covariance matrix from the profile examples. The matching
between the current positions in test image to the corresponding model is determined
by minimizing the Mahalanobis distance from the feature vector of the landmark to
the corresponding model mean.

The ASM search procedure is implemented by using the local appearance model to
find a new shape and then updating the model parameters to best fit the new search
shape on each iteration. In order to fast convergence, multiresolution framework is
adopted. The model does match to the object in the way from the coarse to fine reso-
lutions.

3 ASM with Local Edge Structure and AdaBoost

In this section, a new appearance model is described that use steerable filters to ex-
tract local image edge features, then a machine learning algorithm based on AdaBoost
is used to construct effective classifiers for each landmark. The aim is to move the
landmark points to better locations during optimization along a profile perpendicular
to the object contour. The best location is that its local edge structure is the most
similar to corresponding landmark. First, a point distribution model is also con-
structed as the same as the original ASM.

3.1 Local Edge Structure Detector

3.1.1 Local Edge Features

In this paper, we have used steerable filters to extract local image edge features.
Steerable filter is to describe a class of filters in which a filter of arbitrary orientation
is synthesized as a linear combination of a set of basis filters. Steerable filters [1][2],
are excellent for the detailed analysis of boundaries, which are sensitive to the pres-
ence of edges, bars and other simple image structure. Steerable filters can provide any
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orientations information. This, to a large extent, compensates deficiency in the search
based on intensity gradients.
Assume the G(x, y;o) is Gaussian kernel function, then G/ is the first x deriva-

tive and G/ is the first y derivative of Gaussian function.
A G, filter at an arbitrary orientation @ can be synthesized by taking a linear com-
bination of G” and G}*:

G =coséG,” +sin6G;" 3)

Similarly, a G, filter at an arbitrary orientation § can be represented by the linear
combination of G ,G" and G

G? = cos? 8GY +sin’ 8G” - 2cosOsin 6GY™ 4

The derivatives of Gausssian filters offer a simple illustration of steerability. After
the original image convoluting with different Gaussian filters, different filtered ver-
sions can be obtained.

For each landmark, there are different features when varying some parameters: the
order of Gaussian derivatives, the number of Gaussian kernel scales o, and the an-
gles 8. The responses of different orientation Gaussian filters can be obtained by
varying the angles #. In this paper, we use the zero, first and second-order deriva-
tives (G, G, and Gy ), four inner scales (5 =0.5, 1, 2, 4 pixels) and sixteen orientation
(6=0, n/8, m/4, ...15n/8). The total number of features of each point is
(1+16x2)x4=132. Obviously, different features can be extracted by using more scales,
orientations and higher-order derivatives.

In order to describe the local edge structure, we use a square grid of NgridxNgrid
(Ngrid=7) points and the landmark point at the center of the grid representing the
structure of each landmark. As each point within the grid was extracted 132 features,
then for each landmark, 7x7x132=6468 features were used to represent the local edge
structure. Comparing with the original ASM, these features reflect more subtler local
image structure.

3.1.2 Modeling Local Structure Using AdaBoost

For a given point, 6468 features were computed to represent the local edge structure.
Given a feature set and a training set of edge points and non-edge points, any ma-
chine learning approaches could be used to learn a classification function. In this
paper, AdaBoost is used both to select a small set of critical features and train the
effective classifiers [8]. The AdaBoost learning algorithm is one of the integrated
machine learning algorithms, its main virtue is to combine some weak classifiers (the
correct rate larger than 0.5) to a strong classifier. As it is very easy to train weak clas-
sifiers, the AdaBoost learning algorithm can be applied widely. More importantly, a
number of results were later proved that AdaBoost algorithm has good generalization
ability [14]. The weak learning algorithm is designed to select the single local edge
feature which best separates the specialized edge points and non-edge points. For
each feature, the weak learning classifier determines the optimal threshold classifica-
tion function, so that the minimum number of examples is misclassified.
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Each selected feature corresponds to a weak classifier. After T iterations, T weak
classifiers A, (x) were combined to a final strong classifier. The detailed AdaBoost

algorithm is referred in the literature [8].

3.2 Model Searching Procedure

When the model is fitted to a test image, the scheme starts by computing the 6468
features for each searching point. Instead of sampling the normalized derivative pro-
files, the feature set at each position along the profile perpendicular to the object
contour is fed into a trained classifier to determine the position that this pixel is
moved to. The output 1 represents that the probability that the pixel is on the edge is
large, 0 means that the probability that the pixel is not on the edge is large. The index
along the profile is oriented from non-edge position to the edge position.

4 Experimental Results

For experiment, a collection of 36 slices of the brain was used, in which the corpus
callosum were labeled by manual. The resolution is 256x112 pixels. On each image
36 landmarks are labeled. Since we did not have a large data set, we performed leave-
1-out experiments, by repeatedly training an ASM on 35 of the images and testing it
on the remaining image.

For each parameter of ASMs, a fixed setting was selected that yielded good per-
formance, after initial pilot experiments. The other settings were three levels of reso-
lution, ten iterations/level, profiles of length seven and evaluation of eleven posi-
tions/iteration for ASM method. For the extended ASMs, we adopt single resolution
method. At most two hundreds features were selected from 6468 features for each
landmark. Training data were selected from 7x7 neighborhoods around each land-
mark (Ngrid=7). In the AdaBoost algorithm, the weak classifier is linear discrimina-
tive classifier. One of search results is showed in Figure 1.

After the ASM search had converged, in order to evaluate the search result, we
measured the distance from each search shape and the manually labeled shapes in two
ways. One way is that we calculate the displacement between each searched point and
the corresponding labeled point. The distribution is shown in Figure 2a. The x-
coordinate is the displacement (in pixels) between the searched points and labeled
point locations. The y-coordinate is the percentage of points whose displacement to
the target is x. From this figure, we can see that the extended ASM achieves more
accurate results than ASM.

The other way is that we calculate the overall displacement of the search shape to
the labeled shape for each test image. The distance of two shapes is defined as the
sum of all distance between corresponding points. We calculate DisA (the distance
between ASM search shapes and the labeled shapes) and DisAA ( the distance of
ASM-AdaBoost search shapes to the labeled shapes). Then we calculate the differ-
ence



126 S. Li, L. Zhu, and T. Jiang

Figure 1 Example result for segmenting the corpus callosum (a) the initial shape (b) the seg-
mentation shape by ASM (c) the segmentation result by the improved ASM method

m = (DisA — DisAA)/ DisA x100% )

which measures the percentage of improvement of DisAA. In Figure 2b, the x-
coordinate is the index of test images, and the y-coordinate is its corresponding m
value. The blue point showed the m>0, which means the result of ASM-AdaBoost is
better than ASM. From this figure, we can see that ASM-AdaBoost works worse than
in 6 test images, and works better than ASM in the remaining 30 test images.

Our algorithm is tested on a PIV 2.8G computer with 512M memory. The program
is in Matlab. The training process is off-line. For each training images, it cost about
2.5 minutes for training one classifier. The feature images have to be computed on-
line (during segmentation), which required 0.8s each iteration. The total time for
segmenting one image was about 20s for the original ASM scheme and 390s for the
extended method.

(a) (®)

Figure 2 (a) Point-to-point displacement (b) Shape-to-shape distance difference
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5 Discussion

In this section, we discuss some properties and refinements of the proposed ASM
method and future work.

The main advantage in this paper is that the information on the edge structure is
used. For each landmark, a specialized classifier is designed to assign each image
location to one of two classes: edge or non-edge by machine learning algorithm. We
have conducted experiment that indicated the performance of such an approach is
better than the original ASM. The set of selected features varies considera-
bly/landmark and would be different for different application. We used AdaBoost
algorithm to select critical features and construct the effective classifiers.

In the process of training, how to define the training samples is very important.
One can classify the outside/inside edge pixels. But for the ridge, it is difficult to
determine which position is outside or inside the edge. So we represent the image
structure using local edge structure. Experiments show the representation can obtain
good segmentation results. But from Figure 2b, we find that the segmentation results
of the 3th and 4th images by the extended ASM method are obviously worse than
those of original ASM. At the same time, we find this two images have larger rotation
than other images. However, the extracted features have relation to orientation. We
consider that good results can be obtained if extracting features and training classifi-
ers after all training images are aligned. But in our experiment, extracting feature has
conduct without aligning all training images. We also extract rotation-invariant fea-
tures for discriminating edges.

We conclude that the new extended ASM method improves the original method
through the use of machine learning algorithm to model local edge structure well.
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Abstract. A segmental active contour model integrating region infor-
mation is proposed. Different deformation schemes are used at two stages
for segmenting the object correctly in image plain. At the first stage the
contour of the model is divided into several segments hierarchically that
deform respectively using affine transformation. After the contour is de-
formed to the approximate boundary of object, a fine match mechanism
using statistical information of local region is adopted to make the con-
tour fit the object’s boundary exactly. The experimental results indicate
that the proposed model is robust to local minima and able to search for
concave objects.

1 Introduction

Active contour models [1], also known as snakes, have been used extensively in
image analysis, especially in medical or biological imaging applications. Current
active contour model research can be broadly classified into three main branches:
a) research on image forces (e.g. [2]); b) research on internal forces (e.g. [3]); and
¢) research on curve representation (e.g. [4,5]). However, most of those reforma-
tive methods usually only incorporate edge information, possibly combined with
some prior expectation of shape [6,7]. Ronfard[8] introduced a contrast measure
based on a region statistical image model, but there are still many problems
when using region-based methods to deform the contour. For example, the ef-
ficient control in the course of optimization is difficult and the convergence is
very slow unless the initial contour is close to the desired image features.

In this paper a segmental active contour model integrating region informa-
tion is proposed. The motivation for our work is to present a reformative active
contour model combining edge-based method with region-based method to im-
prove the efficiency of traditional models. Different deformation strategies are
used separately at two stages for segmenting the object correctly in image plain.
At the first stage the contour of the model is divided into several segments hierar-
chically that deform respectively using affine transformation and gradient-based

* The project supported by The National Natural Science Foundation of China
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edge detection technique. Then, a fine match mechanism is adopted to make
the contour fit the object’s boundary exactly at the second stage, which uses
statistical information of local region to redefining the external energy of the
model.

2 Segmental Active Contour Model

Segmental active contour model extends the basic concept of active contour
model, which improve the computation of internal energy and external energy.
The main characteristic of the model is hierarchical deformation mechanism.
The purpose of this deformation process is to obtain the approximate boundary
of object, and the resulting contour will be processed at next stage.

2.1 Energy Definition of Segmental Active Contour Model

Let’s define the contour of model by an ordered set of control points,{V; =
(zi,4:),1=1,2,, N}. As customary, the total energy of segmental active contour
model is defined as the weighted summation of several energy terms:

Erodel = w1 Eeontinue + W2 Esmooth + UJSEimage (1)

where Eeontinue and Fgmoorn are internal energy of model, which enforce con-
nectivity and smoothness along the contour of model. Ejnqge is external energy
derived from the image data. w;, wa, w3 are the normalized parameters of the
energy terms respectively. The definitions of these energy terms will be described
as follows. The continuity term in internal energy function is defined as:

N
Econtinue = Z (d - ”V1 - Vi*1”)2 (2)

i=1

where d is the average distance between the control points of the segmental
active contour model. Econtinue attempts to keep the control points at equal
distances, which can keep the continuity of the contour and prevent the contour
from collapsing or leaking out at the gaps of the object’s boundary.

For computing the smoothness term, we use a simple and computationally
efficient method, which is proposed by Doug P.Perrin[3]. The smoothness term
is defined as:

al 2
Eamooth = 3_ ||0(Vi) 0(Vi1) + 0(?‘,/%) (Vi) 9
i=1

where 8(V;) is the exterior angle of the control point V; that is formed by the
extended line V;_1V; (dashed line) and line V;V;11, as shown in Fig.1. When
Vi is updated to its new position, its exterior angle should be one third of the
summed exterior angles at control points V;_;, V; and Vj4.1. This will produce a
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Fig. 1. The illustration of external Fig. 2. Illustration of convergence
angle of V; into boundary concavity

constant third derivative over the contour segment from V;_2 to Viy2, provided
that the segment lengths are equal.

The external force is generally defined to be the negative gradient of a po-
tential function. However, both the magnitude and the direction information of
the image gradient should be considered carefully, especially in the case that the
object has weak edge or the image has a lot of noise. For each control point, the
external energy is defined as follows:

N
Eimage = y_ (1= |[VI(Vi)|- [n (Vi) - A (V) ]) 4)

i=1

where |V (V;)| is normalized magnitude of the gradient of the control point V;;
h (V;) is the direction of the gradient. n (V;) is the normal vector of the contour
at V;, which directs towards the snake interior. Accordingly, the external energy
will be small where the magnitude of the gradient is high and the direction of
image gradient is similar to the normal vector of the contour.

2.2 Hierarchical Deformation Mechanism with Affine
Transformation

The deformation process of segmental active contour model is practically the
minimizing process of the energy function, hierarchically from global to local,
and from coarse to fine. The model contour is divided into several segments. The
middle control point along the segment can be defined as the driving point, and
each of segments is controlled by its driving point. Suppose that control point
Vr is the selected driving point of the rth segment, V,._s and V;1, are control
points at the end of the rth segment. If V. is moved to the position V;! under
the influence of internal force and external force, which can be regarded as an
affine transformation in 2-d plane and defined as follows:

z a11 Q12 013 T

y' | = |a21 a2 ass Yy or X’=AX (5)
1 0 0 1 1
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The three points V!, V,._; and V,,, together with the points V;., V,_s and Viy
that are not collinear can confirm an affine transformation A uniquely. Con-
sequently, the other control points in the rth segment can move to the new
positions by the same A. This method is robust to local minima since it doesn’t
deform the control points individually, but it deform the segments of model at
a time.

The number of the segments of model is not changeless. At the initial steps,
the contour is divided into a small number of segments, thus the number of
the driving points that are considered is small and the search area is relatively
larger. As the iteration process continues, the number of the segments increases,
so more and more control points are selected to be the driving points. The search
area becomes smaller such that the shape of the model is smoothly changed. The
hierarchical deformation mechanism can be summarized as follows:

1. Initialize the segmental active contour model, including dividing the con-
tour into two segments, selecting the driving points, and computing the gradient
field of image and initial energy of model.

2. For every selected segment that has three or more control points, seek the
appropriate position of driving point in its searching field and determine the best
affine transformation configuration by minimizing the model’s energy, then use
(5) to move the other control points towards their new positions by the same
affine transformation.

3. Divide each segment that has three or more control points into two sub-
segments, select the driving point if subsegment has more than three control
points, compute the internal energy and external energy of model. If no segment
can be divided or energy difference between this iteration and the last iteration
is less than the threshold FE:, the algorithm is finished, otherwise, go to step 2.

3 Fine Match Strategy Based on Region Information

Traditional active contour models usually use edge-detection method based on
gradient to find object’s boundaries. However, inside the object’s region, both
derivatives of either the image or the gradient function become very small or
even vanish, therefore providing no clue to the energy-minimizing process. The
region-based method introduced by [8] adopted heuristic optimization technique
and diffusion processes to obtain a robust active contour modelling scheme, but
the convergence is difficult and time-consuming in case that the initial contour
of model is not close to object’s boundary. In the rest of this section a more
effective method is proposed, which makes use of the result of the first stage
described in previous section.

3.1 Redefining the External Energy Based on Region Information

The external energy of model is redefined based on statistical information of re-
gion around contour neighborhood. The basic idea is that a given closed contour
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C partitions the image plane into an inside(or object) region Ri, and an out-
side (or background) region Ry, which have different mean intensity and mean
square error (MSE). Suppose that the gray-scale value of image pixel is I(z,y),
the mean intensity of region R is Ir, then MSE of intensity in this region can
be defined as follows: 1
Sr=2>3 (I(z,y)* ~ 1% (6)
"R
where n is the number of pixel in region R. Region R is divided into inside region
R;, and outside region R;,, by contour, and the similarity of them can be defined
as:
1
D ins Rout] = 7

2R Bou) = (e T+ Tom = dmd @
If the contour of model is localized on the true boundary of object, the MSE of
region R;, and R,,: will be minimized, and therefore the similarity of the two
regions will reach minimal value. Thus, the external energy of segmental active
contour model can be redefined using similarity of region:

n
Eimage = WR Z D; [Rim Rout] (8)

i=1

where wg is the normalized parameter of the external energy, D;[Rin, Rout] is
the similarity of R;, and Ry in search area of control point V;.

3.2 Fine Match Scheme and Algorithm

Using segmental active contour model, the contour is already close to the object
boundary, therefore fine match scheme only need to search the neighborhood
around the contour to exactly localize the object. At each iteration, the control
points along the contour of model seek its search area and move to new place to
minimize the energy of model.

The search area of control point V; is the region specified according to the
position of V; and its neighboring points, in which V; can move at arbitrary
direction to minimize the model energy. Both the width and depth of search
area should be considered. Connect V; and its neighboring control points V;_1
and Viy1, define the middle point of these two line segments as V] ; and V/,,,
and compute their normal vectors respectively by :

sy Jo-11 [ Vi, -Via | ViV,

n(V_y) = [1 0 ] (”VZ’_1 —V}*l” + “Vz —Vi’_1” ©)
py_[0-1] [ VL -V Vier = V7

(Vi) = [1 0 ] (”WH -Vl + [Vigr — V]| 1o

Thus, the left and right edge of search area are confirmed by the normal vectors
of V{_, and V/,;.If choice appropriate depth of search area for a closed contour,
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the width definition approach will form a ring-shaped search band around the
contour of model, which not only avoids the self-intersection but also guarantees
the integrality of search area for whole contour.

A fast adaptive algorithm is proposed for determining the depth of search
area. Conforming to the direction of normal vector of the control point, The
depth of search area extends outside and inside the model so that the model can
expand or contract. Because of the pre-processing by segmental active contour
model at previous stage, the initial depth of search area can be set relatively
small. If the control point V; can move to a new place to make the similarity
between R;, and R,,: smaller at this iteration, its depth of search area remains
unchanged at next iteration. Otherwise, the depth of search area may be reduced.
This adaptive method makes minimizing process focus on the deformed part of
model and results in faster convergence.

In case of searching boundary concavity, edge-based segmentation methods
can not perform well unless using some special process like the method proposed
in [2] to diffuse the external force. The fine match scheme presented in this paper
is based on statistical information of search areas and more effective to pull the
contour into boundary concavity, which is illustrated in Fig.2. The search area of
Vi may be divided into two parts(R;, and Re,¢, as shown with shadow in Fig.2)
by the line segments connected V; with its neighboring control points. Suppose
that V; is moved to V;, the search area is then divided into two new part by three
line segments connected V;, V;/ and their neighboring control points. That is to
say, the area dR,,: that belonged to R;y, before belongs to Ryy: now. Accordingly,
the MSE of intensity in either R;, or Ry, is reduced and the similarity between
Rin and Ryy: becomes smaller. In this way the contour may move into boundary
concavity increasingly within finite iteration steps.

The algorithm of fine match scheme using statistical information is summa-
rized as follows:

1. Determine the width of search area for each control point using (9) and
(10), and specify the initial depth of search area. Compute the similarity between
Rin and Ry in each search area and the initial energy of model.

2. Seek the appropriate position for each control point in its search area to
minimizing the model’s energy. If the similarity between R, and Roys in search
area of V; is reduced less than the threshold D;, then do not move V; and reduce
its depth of search area.

3. If the energy difference of model between this iteration and the last itera-
tion is less than the threshold E;, the algorithm is finished, otherwise, determine
the search area of each control point, then go to step 2.

4 Experimental Results

To evaluate the proposed model and algorithm, two sets of experiments are
presented. All the experiments are designed for extracting the boundary of ven-
tricles from the brain MR images. The size of the image is 256%256, and the gray
scales of the image are 256. In all experiments, the initialization of the model is
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(a) (b) (c)

Fig. 3. Segmentation result of MRI brain image by our model. (a) initialization,
(b) the result achieved at the fist stage using hierarchical deformation mecha-
nism, (c) the final result by fine match algorithm.

provided by user. The first set of experiments demonstrates the performance of
the segmental active contour model and its results at two processing stages. The
second set of experiments compares our model with the classical snakes model[1]
and GVF-Snakes[2].

The initialization of the model is shown in Fig.3(a). Figure 3(b) shows the
result of the segmental active contour model at the pre-processing stage using
hierarchical deformation mechanism, which is achieved generally within several
iterations. The contour of model is close to the actual boundary and describes
the approximate shape of brain ventricle. The accurate result is achieved using
fine match scheme at the following stage, as illustrated in Fig.3(c). The model
exactly conforms to the ventricle’s boundary concavity.

Figure 4 gives the performance comparisons of the proposed model with
the classical snakes and GVF-Snakes. All models use the same initial contour
for segmenting the brain MR image, as shown in Fig.4(a). Using the classical
snakes, the result is shown in Fig.4(b). In addition to being trapped by erroneous
edges, this model has poor ability to move into the boundary concavity. Both
GVF-Snakes and the proposed model have more accurate results, as shown in
Fig.4(c) and Fig.4(d) respectively. However, the model presented in this paper
utilizes the simpler and more efficient methods for computing internal energy,
the convergence time is reduced. In case of segmenting images with a lot of
fake edges around the actual boundary, our model may achieve better results,
as it deforms depending on region-based method like region growing techniques
instead of those edge-based methods.

5 Conclusion

In this paper, a segmental active contour model is presented for medical image
segmentation. A key feature of our model is that it utilizes not only the edge-
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(a) (b) (c) (d)

Fig. 4. Comparisons of our model with classical snakes and GVF-snakes. (a)
initialization for all models, (b) the result of classical snakes, (c¢) the result of
GVF-snakes, (d) the result of our model.

based method but also the region-based method. The edge-based method is
used to find the approximate shape of object in a short time. The region-based
fine match scheme is then adopted to localize the contour on object’s boundary
exactly. The experiments show that our new model is a competent approach for
medical image segmentation.
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Abstract. In this paper, a novel curve evolution strategy driven by
boundary statistics for the segmentation of medical images is proposed
and realized under the Level Set framework. It has a speed term similar
to that of the Chan-Vese’s method [1] for bimodal pictures, but is driven
by boundary statistics (the statistics of intensity in an observing window)
instead of the global statistics. In the case of multimodal pictures, the
target’s shape can, therefore, be more easily recovered. Here, we present
methods for shape prediction based on the signed distance functions and
extension field constructed from the boundary statistics. Employing the
above techniques, our algorithm can adaptively handle both the sharp
and smooth edges of the target, and its efficiency is demonstrated in the
contour tracking of medical images.

Key words: curve evolution, level set, boundary statistics, contour
tracking, shape prediction

1 Introduction

Algorithms based on curve evolution are classified as active contour. With the
advantage of noise-insensitivity and its preservation of closed edge, it has brought
much success to computer vision, especially in the challenging task of medical
image segmentation. The first curve evolution model for image segmentation
is the snake, proposed by Kass er al [2], a parametric contour. Sethian first
proposed the geometric contour using level set. To deal with the problems of
curve evolution, the curvature-dependent level set method, proposed by Osher
and Sethian [3], has been used extensively. It allows for cusps and corners, is
unchanged in higher dimensions and can naturally handle the topological changes
in the evolving curve.

In the past decade, segmentation algorithms using geometric contour have
focused on the evolution speed of the front or interface. Earlier level set tech-
niques such as [4,5,6] only utilized the local strategy, they try to reduce the
propagation speed where the image gradient is high. Compared with the local-
based methods, regional statistics in curve evolution have prove advantageous,
as they employ both the local and global information for pulling or pushing the
front to the desired boundary. For example, the level set techniques based on
Bayesian theory or clustering ([7,8]) are more robust than those mentioned pre-
viously. Most of them, however, need prior knowledge of the distribution of the
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image’s intensity, and the estimations directly influence the propagating force
and finally the outcome of the segmentation.

Chan et al [1] and Tsai et al [9] both proposed the curve evolution model
based on the optimization of the Mumford-Shah function. By solving the region
competition-based Mumford-Shah problem, one need not know the exact values
of the regional statistics in advance and the initial curve could be arbitrary. The
global bimodal method is simple but not suitable for most images, while the
multimodal method is impractical. In addition, it becomes necessary to decide
the number of modals in advance, which is a major drawback.

Another problem many level set methods face is the choice of the initial
curve. Due to the CFL restriction, the front cannot move further than a single
space step during each time interval. The position and the shape of the initial
curve are therefore crucial to the computational period. If the initial curve is far
from the target edge, a large number of iterations would be required in order to
propagate the curve toward the target edge.

In this paper we will pay special attention to solving the following problems:

1. To avoid looking for a global minimum in the multimodal problem, we in-
troduce boundary statistics to take the place of regional statistics for prop-
agating the front.

2. In the contour tracking of 3D medical images, information of detected edges
from previous slices can be used to predict edges in the current slice. The
number of iterations needed to converge to the target edge can be reduced,
and efficiency increases.

2 Method

2.1 Overview of Level Set Method

In the 2D case, the level set method assumes that on a planar region R, a closed
curve C separates the region into two parts: the inside is R; and the outside is
Ry (Fig. 1). The curve is embedded in a higher dimensional function ¢{(z,y,t)
and at time ¢, it is defined by the zero level set of ¢. The signed distance function
(SDF) of C is often chosen as its level set function. The absolute value of SDF at
point A is equal to the distance between A and the nearest point on the curve to
A, inside C it is taken as negative, and outside, positive. Imagine that C moves
in directions normal to itself with a speed function F. The motion of C can be
written as the following curve evolution equation:

C = NF . (1)

where N is the unit normal vector of C. Osher and Sethian [10] derived the
partial differential equation for the level set function ¢ which matches its zero
level set with the evolving front:

¢ = —F|V¢| . (2
given ¢(z,y,t = 0) = ¢o(t).
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Equation (2) is the level set equation, an initial value formulation. Its nu-
merical solution can be computed on the discrete 2D grids. The upwind scheme
for finite difference approximations of the spatial and temporal derivatives is
used and leads to a unique, entropy-satisfying solution with sub-grid resolution.
Sethian [10] also describes a fast algorithm called narrow band level set method.

2.2 Boundary Statistics

Assume g is a gray scale picture defined on R and P is an arbitrary point on C.
Consider N(P), a neighborhood of P. Naturally, it contains a part of R;, and a
part of Ra. Let R;p be the intersection of N(P) and Ry, Rap be the intersection
of N(P) and Ry as shown in Fig. 1. We can find the statistical characteristics
of g in these two sub regions: let a1 p be the mean of g in Ryp, azp be the mean
of g in Rop, o1p be the variance of g in Ryp and g2p be the variance of g in
Rsp. The functions aip, asp, o1p and ogp are defined on C and we call them
boundary statistics.

Fig. 1. The neighborhood (dashed square) of a point P on curve C, including
its two sub regions Ry p and Ryp

2.3 Shape Prediction

Given a target region R;, or its boundary C = 3Ry, we can find the SDF, by
performing a signed distance transform (SDT) on Ry, d = SDT(R;), where d is
defined on the image domain (z—y plane). For any R; (or closed curve C = 0Ry),
there is a unique corresponding d = SDT(R;) (or d = SDT(C)). We note the
region Ry = {(z,y)|d < 0} as R; = SDT *(d) (or note C = {(z,y)|d = 0} as
C = SDT }(d)) and call it the ‘inverse’ transform of SDT.

Note g;(z,y),7€N, as an image sequence. A is the target object and Ra;
is the known target region of A in gi(z,y),7 = 1,2,...,n — 1. The prediction
problem is to find a region Ran, = e(Ra1,Rag,...,Ran—1) as an estimation of
R zn, the unknown target region of A in gp(z,y). We propose to estimate the
shape via SDF. We let da; = SDT(Ra;),% = 1,2,...,n — 1 be the SDF of Ra;
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and try to find a dan = €'(da1,da2,...,dan—1), as an estimation. We then let
Ran = SDT}(dan) be the estimation of region R4,. The simplest form of the
function €’ is a linear prediction (estimation), that is to say:

dan = €'(da1, daz, ..., dan-1) = widar + wadas+, ..., +Wan—1dan—1 = w'd .

3)
where w is the weighting vector. Let the edge of predicted Ean, which may be
very close to the true target boundary, be the initial curve.

2.4 Extension Field of Boundary Statistics

Given the well-segmented R4p,—1, we can find the boundary statistics of the
previous slice gn—1(z,¥): a1, az, o1 and the SDF da,—1. Based on these, we
construct the extension field F(a1), F(az2) and F(o1) (note: not the propagation
speed F) from the boundary statistics. The relation between an extension field
and the corresponding boundary statistic z satisfies the following:

F(CII) =z, dan-1=10 (4)
VF(z) Vdan—1=0, dan-170

where z can be a1, as or o1. Readers can refer to the construction of extension
velocity in Ref. [10].

2.5 Our Contour Tracking Algorithm

Our level set equation for contour tracking is:
¢ = —al(9—F(a2))*~(9—F(01)))*|Vel+yK| V| —f-5(a1, 02, 01)-(¢—4") . (5)

2
where s{a1,ag,01) = exp [—/\ (ﬂ%ﬂl) ] . The first term on the right side

is similar to the Chan-Vese’s method, but is driven by the extension field of
the boundary statistics rather than by global statistics. The second term is the
curvature term, where « is the curvature of the level set function. We set the SDF
dan—1 as ¢* to be a shape constraint. The term s € (0, 1] is a controlling factor:
since {(F(a1) — F(a1))/F(01)| becomes greater where the boundary character
is strong, weakening the constraint, and becomes small where the boundary
character is weak, enforcing the constraint, it can adaptively handle both the
sharp and blurred edges. «, 5, v and A are the coefficients, controlling the weight
of every term.

In the contour tracking algorithm, we first calculate the predicted shape
as the initial curve, then construct the extension fields, and finally evolve the
curve using the fields and local intensity. Fig. 2(d)-(f) illustrate the predicting
phase, Fig. 2(g) and (h) show the extension fields, F(a1) and F(az), constructed
from the boundary statistics of go and R4s, and Fig. 2(i) is the tracking result.
Considering the inhomogeneity of intensity across different slices, a correction
factor A should be added to F(a;) and F(Aag), which is equal to the difference
between the means of g2 and g3 in region R 43.
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Fig. 2. Flow chart of our contour tracking algorithm
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3 Result

We applied the above strategy to the MRI liver data from the Visible Human
Dataset. The size of each slice is 207 x 167 pixels, with a total of 39 slices, and
8-bit gray scale. The neighborhood of any point is chosen as a 16 x 16 square
window centered around the point. The coefficients in the level set equation are:
a=1,8=028 v =0.02and A = 1. We chose a simple form of the linear
prediction coefficients: wn,_2 = —1 and wnp—1 = 2. Fig. 3 shows the results of
the 29th slice. We can see that the predicted edge is very close to the true edge.
In most slices, it takes no more than 10 iterations to converge to the target
boundary. Inhomogeneity across slices can be handled with the correction factor
A. Manual assistance was needed only in one slice (18th) in order to achieve the
correct result. Fig. 4 shows the 3D distribution of the contours, and gives the
reconstructed surface.
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Fig. 3. The 29th slice from 3-D liver images: left is the origin image; middle is
the predicted initial curve (dashed line); right is the extracted contour (white
line)

2 kBE8s823388

Fig. 4. Left: the 3-D contour set of liver. Right: the reconstructed surface from
the contour set

In Fig. 5, results are shown for comparison. The images in the left column
are the original images of the 26th and the 37th slice; the middle column shows
the results obtained by using the gradient-based method proposed in Ref. [6];
the right column shows the results obtained by using our algorithm. From this
comparison, it is evident that our method can lead to more accurate results.

To measure the similarity between the predicted shape and the final result,
we define two indicators : s1 and ss. For Ran and Ran, 81 = [(Acommon)/Al,
and sz = |(Ag;f)/Al, where Acommon is the area of Ran N Ran (intersection),
A is the area of Ran and Agig is the area of RAn @ R4n (exclusive or). The
mean of $; measured in this experiment is 0.96, and the mean of sz measured
is 0.11, while the means of the similar indices for R4n_—1 and Ra, are 0.93 and
0.13, showing the validity of our prediction method.
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Fig. 5. Left column: original images. Middle column: results obtained by using
the gradient-based method in [6]. Right column: results obtained by using our
algorithm. Arrows are used to point out the differences between the results of
the two methods

4 Discussions and Conclusion

Our contribution in this paper is the use of boundary statistics in curve evolution
and the application of SDF to shape prediction. The level set equation in this
paper is partly derived from the Chan-Vese’s method. The original Chan-Vese’s
method is designed to handle bimodal pictures. Our method can handle not only
bimodal but also multimodal pictures, depending on the size of the observing
window. In an extreme case, if the observing window is extended to the whole
image domain, the boundary means a; and ay will be equal to the corresponding
global statistics in their method. In our method, the boundary statistics are
shown to be obtained from an observing window and vary along the curve, so it
can also be viewed as a non-linear filtering method or an adaptive thresholding
process. Since SDF has been an effective way to describe shapes, even a simple
use of it can work well. The set of SDFs is not a linear space, since in most
situations, combinations of SDFs do not produce a SDF. However, the statistical
process of SDF and algebraic operation on SDF are still available. The validity
of such a use can be seen in the works of Leventon et al [11] and Tsai et al [12].
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Abstract. We have earlier introduced an implicit vector field represen-
tation for arbitrary number of curves in space, the curve embedding po-
tential field (CEPF), and a general image segmentation strategy based on
the detection of the CEPF distortion under the influence of vector-form
image data [3]. In this paper, we present an improved CEPF framework
which incorporates prior knowledge of the object boundary and has con-
sistent object definition through a region growing process. The embedded
implicit curves deform through the image- and model-induced changes of
the CEPF, which evidently improves the segmentation accuracy under
noisy and broken-edge situations. Further, the closure enforcement and
the natural advection on the curves enhance the stability of CEPF evo-
lution and the implementation is straightforward. Robust experimental
results on cardiac and brain images are presented.

1 Introduction

A generic description of an object would be a closed contour formed around
the object boundary edges. Since the original active contour model [5], many
researchers have contributed to the improvement of the Snakes-type boundary
segmentation paradigm by achieving better balance between the necessary struc-
tural constraints to maintain model integrity and the ability to fully utilize the
image information [2, 7]. More recently, the geodesic active contour strategy,
which combines the active contour models and the level set methods, uses ge-
ometric representation of the boundary model and thus permits greater curve
deformation and topological changes [1, 6]. This improved model evolves like a
waterfront that propagates along the normal direction until the whole front is
blocked by object edges or reaches the border of the image space.

We have earlier proposed an implicit curve representation and segmentation
strategy [3], with inspirations from the vector form level set formulation [8]. The
key contribution has been that continuous curves are implicitly represented by
a potential field in space, the curve embedding potential field (CEPF), and all
operations are in the native vector form of edge data and CEPF (see Fig. 4 for
the interaction between the gradient vector flow and CEPF). Being geometric

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 145-153, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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Fig. 1. Problems with the original CEPF (left): curve stabilized prematurely
when GVF between separated objects are weak. Improved segmentation results
on speckle noise-corrupted image (12.5% variance), with closure enforcement and
natural curve speed but no prior edge model (right).

in nature, CEPF allows merge and break of the underlying contours and offers
better handling of discontinuities. Object segmentation is achieved by iterative
vector field construction, vector data-driven field evolution and regularization,
and the detection of the CEPF vector crossings [3] . We have also shown that the
CEPF strategy exhibits improvements on segmentation accuracy over the level
set strategies on certain medical images.

1.1 Several Remaining Issues of the Original CEPF

GVF as Data Source: Since the gradient vector field (GVF) has a continuous
domain of influence, with the edge points appearing as vector sinks [9], GVF
has been used in the CEPF segmentation strategy as the guiding data source
[3]. One problem of the original CEPF framework relates to the GVF magnitude
distribution for complicated image scene. Although not always in strict sense,
GVF vectors belonging to the different sides of the same edge are typically op-
posite to each other, and the CEPF will slide on the GVF field to check for
edge existence. However, because locations which are far away from high gradi-
ent areas receive very little diffusion in the GVF computing process, the GVF
magnitudes at these points are indeed very small. Hence, in these locations the
CEPF field will have very little GVF-induced changes in the evolution process,
at least numerically, and the evolution may stop prematurely, before reaching
the true boundaries (see Fig. 1 left). In the cases where images are not very noisy,
normalized GVF field has been used as the data guidance to speed up the evolu-
tion [3]. On the other hand, amplified noise power from the GVF normalization
process may cause further problems.

Moreover, even if the noise level is low, when detecting multiple objects,
contour between objects will degenerate into a stabilized line (like a tail between
regions). In level set method, this line will automatically disappear because the
¢ value of both sides of the contour have the same sign (either both > O or both
< 0) and will not be extracted out. In CEPF method, this line will remain even
if both left and right sides belongs to the image background.

Besides, CEPF evolution does not require the embedded contour to be closed
curve. However, for content rich or noisy images, the resulting GVF contains
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Fig. 2. Remaining problems even with curve closure: mis-segmentation because
of occluded edge. The dotted line in the leftmost image is the true boundary
and the left three images show the segmentation based on the blurred edge. The
vertical line in the forth image is an additional user input and the overlayed
dark blob is an auxiliary probability model created by diffusing the user input
line. The rightmost image is the segmentation using model-constrained CEPF
on synthetic image.

many undesired singular locations so that it is hard to guarantee the continu-
ity of the local maximum and results in generally non-closed curves. Since the
original CEPF formation enables natural interpolation among the embedding
curve elements, these open-ended curve pieces extends everywhere as the CEPF
is iteratively reconstructed. The resulting CEPF may form a web that divides
the image into many regions, instead of given out specific object segments.

Occlusion and Weak Edges: Additional problems are caused by weak or
occluded edges in an image, as shown in Fig. 2. To get the improved results of
Fig. 1, the modified term (in Equation 4 and 5) for low GVF diffusion imposes
a natural advection force on the evolving front, which helps to break down the
curve into several closed curves for detecting multiple objects. However, the same
effect also applies to the missing or occluded edge along object boundary, which
means that the moving front will pass through those areas wherever no GVF
force is available.

1.2 Solution Overview

To deal with issues related to the GVF data source and curve closure, we have
incorporated a modified term in the CEPF updating equation (in Equation 4
and 5) and a region growing procedure during curve detection (see flowchart in
Fig. 3) for speeding up, tails elimination, and closure enforcement in the CEPF
evolution process. Details are discussed in the later sections and one improved
result is shown in Fig. 1 right. In order to distinguish between empty space and
missing/occluded edge, we opt to incorporate an edge probability distribution
as a prior knowledge during segmentation so that, instead of the unconditional
natural advection, the prior will take effect if no image data (GVF) presents.

2 Constrained CEPF Evolution for Object Segmentation

The constrained CEPF algorithm is an iterative process which starts from one
or more initial contour(s) and evolves until converges to closed contours along



148 G.H.P. Ho and P. Shi

[ P
: i 4 i
perRm e e ————— H LI B L
; Curves ' Curve »| Curve Tangents Curve points CEPF
! Initialization ! points Estimation i with tangents Formation
o A . ool S e
e r,&abihzm‘? . CEPF  GVF, Prob ...
R U gy e
{ Output result I‘ Evolved curve Evolved Curve Altered CEPF
s i points Detection CEPF evolution

Fig. 3. Flowchart of the model-constrained CEPF segmentation method. Bold-
face letters are the input and output between major steps represented by rect-
angular blocks.

object boundaries. The central idea is that the contour model is implicitly rep-
resented by a potential field where locations with zero potential represent the
embedded curve. Instead of moving the curve elements directly, we first acquire
the CEPF representation through a curve-to-field transformation, and then trig-
ger a CEPF distortion by applying prior- and image-derived, vector-form edge
information on the CEPF. As a result, physical curve elements implicitly prop-
agate towards object boundaries, while structural constraints will be loosely
defined in the formation of the CEPF so that the length, shape, and even the
number of embedded curves can be changed during CEPF evolution. All proce-
dures are shown in Fig. (3), we here only describe those modified blocks that
different from the original CEPF framework. See [3] for remaining blocks.

Curve Initialization: Initial curves can be placed by default, by user in-
teraction, or through the prior knowledge of the boundary distribution. For
example, if the edge probability map (a distribution with higher value for fre-
quent boundary occurrence at particular location) is available, we can transform
the map into vector field using GVF method and then apply native CEPF on
the vector field to obtain an initial curve position. The edge maps in Fig. 5 are
created by applying gaussian diffusion on hand-traced contour.

Junction Detection: As stated earlier, too many curve pieces are unde-
sired side effects from noisy images. Hence, we control the topology of the curve
pieces by applying region growing in the evolved curve detection step to ensure
that the curve points maintain closed loops. Region growing is computationally
expensive compared to other procedures in the framework, which are limited op-
erations within a narrowband, and thus is not preferred to be included in every
iteration. Due to the interaction between CEPF, GVF, and prior edge probabil-
ity, unwanted curve segments usually intersect desired curves and form 7 or Y
junctions. Therefore, existence of these types of junctions can be indicators of
having unwanted curves which then triggers the region growing routine. Hence,
we include an additional junction detection metric as following. Let zg be the
third curve neighbor of z, t = Tangent(z), and n be the unit normal of z. For
1<4,57 €3 andi # j, define
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Fig. 4. A simple illustration of the effect of GVF on CEPF. The two leftmost
figures display the initial configuration before evolution, where the red points are
the set of curve elements Z, the blue arrows are the CEPF vectors (scaled for
better illustration), and the long green dotted arrows represent the GVF field.
The third figure shows the CEPF after the influence of GVF and the fourth is
the result of curve detection on the evolved CEPF.

G, ={zi,2z;} when ((z; —2)-t)((z; —2)-t) >0 (1)
1,if (23 —2z)-t=0o0r
Jni(z) = ({(zz:, z—] f)e g)z((zj —2z)-n) <0, @

0, otherwise

where set G, contains two neighbors of z lying on the same side of the normal
vector n and Jn#(z) denotes the junction flag. Point z is likely to be a junction
if z; and z; lie on the opposite sides of the tangent t, implying that z;, z2, and
z3 locate in three completely different quadrants relative to the local intrinsic
coordinates of z (formed through t and n). This situation is unlikely to occur
along smooth curve.

In our present method, junction detection and region growing processes are
separated. Junction detection is performed when doing curve tangents estimation
because neighbor searching is also required. And region growing is deferred to
the curve detection step, because sometimes segmented regions are preferred as
the outputs so that we can provide both boundaries and regions.

Model-Constrained CEPF Evolution: Suppose that we have an imagi-
nary curve point at location x and it moves with an image-derived GVF velocity
g(x), then new position after At time is approximately x + At g(x). Of course
this change of curve position is completely image-based. Now, we judge the reli-
ability of this movement based on prior knowledge of the curve location. Assume
that the prior edge probability distribution is prob(x), the difference of edge like-
lihood between the original and new positions is then prob(x)—prob(x+ At g(x)).
Negative value of this probability difference means that the image and the prior
information agree that the curve evolution direction is heading for the possible
boundary. Otherwise, if the two information contradicts to each other, we want
to slow down the movement according to the probability difference. To do this,
we model the difference as a resistance  to the curve motion, which is used to
construct a scaling factor of the velocity g(x):
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r(x) = mazx (prob(x) — prob(x + At g(x)),O) (3)
e X e~
w6 = = () + eni) ()

where u is the image-induced and model-constrained speed for an imaginary
curve point at X. In Equation 3, r ranges from 0 to 1 with 0 meaning no resistance
for a curve point leaving location x. In Equation 4, r is mapped to a exponential
decay function which is then used as a scaling factor for the driving force g,
vector n is the normal direction of the curve at X, and the constant ¢ < At.
These terms are used to compensate the problem of small GVF magnitude if the
native GVF is used as the data source. Note that x is not required to be on the
grid so that interpolations are needed for getting g(x) and prob(x).

We describe x to be imaginary because we do not use finite number of points
to represent the curve, i.e. a set of x does not exist. But we have the CEPF
field that pointing towards the curve. Therefore, we can approximate x by p +
CEPF(p) and the CEPF evolution with induced speed u is defined through:

d'*'(p) = CEPF'(p) + At u(p + CEPF'(p)) (5)
£+ (p) = (p+d*+(p)) — (ps +d*(p1)) (6)
CEPF™1(p) = d**! — (a'*}(p) - t'*1(p)) —ltﬁf((ppﬁz (7)

In Equation 5, d®*! is the new curve location relative to p, and At is the time
step that governs the speed of the evolving CEPF. In Equation 6, ' requires
a proper reference neighbor p; of p, but it would be very inefficient to determine
p; for each p [3]. Hence, we can either take the approximation £f*1 ~ d**+! or
t**1(p) ~ —Laplacian(g(p + CEPF*(p))). Equation 6 and 7 are used to keep
CEPF vectors normal to the embedded curve so that, if At is small enough, this
orthogonality property and the CEPF re-formation in the next iteration ensure
the embedded curve does not have abrupt changes (see Fig. 4). Therefore, the
structure of the curves is implicitly maintained.

Region Growing for Closure Enforcement: Discrete 2D region growing
is trivial but rounding real valued curve points may create gaps along the dis-
cretized curves, failing the region growing process. Existence of tails and multi-
ple curves makes the implementation of contour following unpleasant. Observing
that the narrow band (NB) CEPF around the curve is actually a dilated version
of the evolving front and the band itself has already been discretized, thus apply-
ing region growing on CEPF narrow band would be a natural solution. Precise
tail-removal morphological operations are defined as following:

Mask = {(,§)| —w <i4,j <wVi,jeN} (8)
NB = Z ® Mask (9)
Z' = Z N ((Region(N B)) ® Mask) (10)

Here, Z is the set of curve points extracted, @ denotes the dilation operation,
integer w represents the narrow band width, Mask is a set of point within a wx w
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square window, Z' is the resulting tail-free set of curve points, and Region() is
the region growing operation which outputs the set of points bounded by the
narrow band.

3 Experiments and Discussions

Improved segmentation results from medical images are shown in Fig. 5. In Fig.
5, we can observe from the difference between the results (last column) and the
prior edge probability distribution (user-input column) that image boundary are
basically tracked if they are clear. This shows that image data is taking the ma-
jor effect. The 1% row in Fig. 5 is boundary-based segmentation of white matter
in a brain image. The boundary between white and grey matter are quite clear
but other kind of edges, such as the skull, make the contour hard to initialize.
The mean prior shape (blue lines) in this example is created by manual thresh-
olding the pixel intensities and this prior greatly helps the initialization. The
segmentation result (contour in black) together with the prior shape (contour
in blue) are shown in the rightmost figure of the 1% row. The 2™¢ and 3" rows
give an example of changing the initializations for the same image. Without the
prior, better initializations are not enough to produce good segmentation. Effect
of occluded or irrelevant edges are regularized by using prior information. The
4** row shows a situation of small boundary separation between neighboring ob-
jects where edges are smoothed out during the process of GVF [4]. Although the
prior does not aligned with the object edges, the existence of two prior contours
forces the CEPF to be separated.

For simplicity, we have used the same prior probability density as both the
curve initialization and the prior data force for curve evolution. This can be
easily done by first using normalized GVF of the probability density as the
only data input of our CEPF algorithm until the curve stabilized to become a
model-based initial curve. The CEPF algorithm is also applicable to probability
density because we only need a vector field that shows the most likely direction
to the nearest edge. The underlying meaning of the gradient image and edge
probability are very similar since they both provide a boundary likelihood in
space. The difference would be the source of information. So, the result of taking
GVF from either one would be similar but the probability density is preferable
for initial boundary estimation since it usually gives a unique closed band around
the target so that the evolution of CEPF on texture regions might be avoided.
After the initial curve is obtained, curve evolution moves on by changing the data
input as the integrated field defined in Equations 3 and 4. The image sequences
shown in Fig. 5 can be viewed as a coarse to detail curve refinement using CEPF
method with increased complexity of input data.

Acknowledgement: This work is supported in part by Hong Kong Research
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Fig. 5. Examples of model-constrained CEPF segmentation. In each case, initial
boundary is first estimated using prior probability and the evolution continues
with the integrated prior and image data as the driving force.
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Abstract. Low back pain becomes one of the significant problem in
the industrialized world. Efficient and effective spinal motion analysis is
required to understand low back pain and to aid the diagnosis. Videofluo-
roscopy provides a cost effective way for such analysis. However, common
approaches are tedious and time consuming due to the low quality of the
images. Physicians have to extract the vertebrae manually in most cases
and thus continuous motion analysis is hardly achieved. In this paper,
we propose a system which can perform automatic vertebrae segmenta-
tion and tracking. Operators need to define exact location of landmarks
in the first frame only. The proposed system will continuously learn the
texture pattern along the edge and the dynamics of the vertebrae in the
remaining frames. The system can estimate the location of the vertebrae
based on the learnt texture and dynamics throughout the sequence. Ex-
perimental results show that the proposed system can segment vertebrae
from Videofluoroscopic images automatically and accurately.

Key words:Motion Tracking, Spinal Motion Analysis

1 Introduction

Low back pain is one of the most common health disorders and its cost is enor-
mous [1]. There is a general consensus that the diagnosis and the treatment of low
back pain can be aided by analysing spinal movement [2]. Thus, spinal measure-
ment techniques have been studied widely. At present, Videofluoroscopic imaging
provides an effective method of obtaining images for spinal motion analysis. Gen-
erally, landmarks of a moving vertebra will be extracted from Videofluoroscopic
video and will then be analysed. Landmarks are usually the corners of the mov-
ing vertebra and are usually extracted manually [3]. Unfortunately, the analysis
is difficult and time consuming due to the low quality of the Videofluoroscopic
images. Figure 1(a) shows typical Videofluoroscopic image of spine. Thus, a wide
range of researches on automatic extraction of landmarks have been conducted,
such as [4].
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In general, there are two main approaches in videofluoroscopic analysis. The
first one is based on template matching and correlation (e.g. [5]) which is simple
to implement and easy to understand. However, such approach involves pixel-to-
pixel comparison and thus susceptible to changing contrast and pixel intensity of
the image. Another approach which is based on feature detection is adopted in
current research. Features can be corners, edges and shape. In [6], the vertebrae in
the images are located by matching corners. In [7], active shape models is used to
improve the robustness by introducing shape constraints. To reduce the searching
size, generalized hough transform is used in [8]. Such approach is computational
efficient but making unrealistic assumption of high image contrast. Edges and
features have to be manually enhanced and refined before feature location can be
done. It seems that most of the commonly adopted approaches can be considered
as computer-aided but not automatic.

In this paper, we propose a method in which an active contour (or snake) will
attach to the vertebrae automatically throughout the video sequence. Users only
need to define landmark positions on the first videofluoroscopic image. The active
contour formed from such landmarks will attach to the vertebra automatically
in the remaining video images. This greatly reduces the effort of physicians
in setting accurate landmarks of vertebra manually in every video frame. The
reduction in human intervention means the reduction in error rate due to fatigue
of the operator. Analysis on spinal motion can be done much more effectively
and accurately.

2 System Architecture

The whole system consists of three major modules, namely feature learning
module, feature detection module and tracking module. The workflow of the
system is shown in figure 1(b).

Given the first image and the exact position of the landmarks, the feature
learning module will learn the texture pattern encoded by Markov Random
Field (MRF) [9] using Support Vector Machine (SVM) [10] along the edge. On
the other hand, a snake or active contour [11] is formed from the landmarks.
When second image is input, the feature detection module will detect the edge
using the texture information from feature learning module along the snake.
The snake will then fitted toward features (or edges) detected. The tracking
module will then learn the dynamic of those landmarks using Kalman filter [12].
It will predict the location of the landmarks in the next frame and shift the
snake accordingly. At the same time, the feature learning module will learn the
texture pattern again. The feature detection will then detect the features in the
next frame as described above and the whole process repeats. Thus, given the
videofluoroscopic video, the corresponding time series data on the location of
the landmarks will be obtained by the system.
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Fig. 1. In (a), it shows a typical videofluoroscopic image of spine. In (b), it
shows the workflow of the system.

3 Implementation Details

As described in previous section, there are several components within each mod-
ule in order to achieve the aim of automatic vertebrae tracking. These compo-
nents are shared among the modules and work collaborately. These components
include the MRF texture descriptor, the SVM pattern recognizer, the snake
and the kalman filter. The implementation details of these components will be
explored in this section.

3.1 Texture Description by Markov Random Field

Markov Random Field was first developed for texture analysis, e.g. [13]. It can
be used to describe a texture and make prediction on the intensity value of a
certain pixel given the intensity value of its neighborhood. The theories related
to Markov Random Field can be found in [9].

In Markov Random Field, the neighborhood is defined as clique elements.
Consider that § = {s1,s2,..,sp} is a set of pixels inside the image, and N =
{N;|s € S} is the neighborhoods of the set of pixels. In the system, the neigh-
borhoods are the 8 pixels that with chessboard distance 1 away from the target
pixel.

Assuming X = {z,|s € S} is the random variables (the intensity value) for
every pixel inside an image, where z, € L and L = {0,1, ..,255}. Besides, we
have a class set for texture pattern, 2 = {wg;,wss,...,wsp} wWhere ws; € M
and M is the set of available classes. In the proposed system, we have only two
classes, the edge and the non-edge classes.

In Markov chain analysis, the conditional probability of certain pixel being
certain class is given by Gibbs distribution according to Hammersley-Clifford
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U(w))

theorem. The density function is 7(w) = where T is

E ezp(—u(w))exp(
the temperature constant, which is used in stimulated annealing. The energy
term can be further represented as U(w,z:) = Vi(w, %) + Yy en, Biir6(Zi, ),
where Vi(w,z;) represents the potential for pixel with certain intensity value
belongs to certain class and the §(z;, ;) is the normalised correlation between
pixel at s; and those at s;.

When the texture is being learnt by the feature learning module, the set
of ;4 is estimated according to the requirement that the probability of its
associated texture class will be maximised. The estimation algorithm used in
the system is simulated annealing. The set of §; ;» corresponds to the correlation
value and thus represents the configuration of the pixels such that it can be
classified as that texture class. In the system, this set of estimated 8 will be used
as texture feature vector. It will be used as input of support vector machine such
that the association between texture feature and texture class can be formed.

3.2 Texture Learning Using Support Vector Machine

Support vector machine have been widely used in recognition recently due to its
non-linear classification power and thus be used to solve complicated recognition
problem such as face recognition (e.g. [14]). Given data set: {(b1, y1), (b2, y2),

(b1, y)}€ B x {+1,~1}, support vector machine can learn to find out the
association between b; and y;. In the proposed system, the b; will be the texture
feature set {3; i+ } after texture extraction on the input image and {+1, —1} refers
to edge and non-edge classes. During learning phase, the support vector machine
will be trained. The classifier’s parameters, az are learnt from data set {b;,y:}
under the criteria function, maz,, Zl 10— 5 Zz =106 yiyik(b;, bj). Gradient
ascent approach is used in the system. During testing phase, the texture feature
extracted from the image will be classified by the sulpport vector machine. The
determinant function can be written as f(b) = sgn(>_,., cuyik(b, b; )+constant)
where k(-,-) is gaussian RBF kernel. The output will be an binary image with
‘1’ indicates the edge class and ‘0’ indicates the non-edge class. Mathematical
details of support vector machine can be found in [10].

3.3 Texture Segmentation by Snake Fitting

Active contour [11] had been used in pattern location and tracking [15] for a long
time. It is good at attaching to object with strong edge and irregular shape. The
snake can be interpreted as parametric curve v(s) = [z(s), y(s)].
In the proposed system, the initial position of the active contour is defined by
the user. The active contour will move according to the refined energy function,
snake = fo Eint(v(s))] + [Etesture(v(8))] + [Econ(v(s))]}ds, where Ein: repre-
sents the internal energy of the snake due to bending, Etezture represents the
texture-based image forces, and E.op represents the external constraint forces.
The snake is said to be fitted if the EZ is minimised.

snake
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The above equation is similar to commonly used snake equation but with
the energy term Fiegture(v(s)) replaces the original Eimage(v(s)) which means
image force. The energy term FEiezture(v(s)) represents the energy of texture
and is proportional to the negative of similarity of desired texture. This means
the energy will be lower near the patch that shows desired texture (e.g. edge
texture). Thus, the snake will search for strong edge in the binary texture map,
that described in Section 3.2, along the direction toward the centroid of potential
region. It stops at the pixel with strong edge characteristic in the texture map.
Thus, the term Eiezture(v(8)) can be interpreted as the texture attractive force
and the snake is texture sensitive. Texture represents a patch of pixels instead of
a single pixel and texture-based analysis is more tolerant to noise compare with
pixel-based analysis. Thus, texture is a much reliable feature than strong edge
under pixel-based analysis.

3.4 Prediction by Kalman Filtering

Kalman filtering [12] is a prediction-correction procedure. By encapsulating the
motion of the object into internal states, Kalman filtering aims at finding ap-
propriate states that gives best-fit observations. Dynamic equation and mea-
surement equation will be used in Kalman filter for representing the change in
internal states and conversion from internal state to observation respectively.
Since the motion of the vertebrae is planar, kalman filter is good enough to
make prediction on the spinal motion. In the system, dynamic model is assumed
to be common rigid body motion and the uni-modal Gaussian noise distribution
is assumed. The state transition equation and the measurement equation used

Ti+1 10100 Tt Tt
Yt+1 01010 |u o 100007 | ¥

are: |uz41| = [00101 ug | + my, and = 101000/ | % + ny
Vi+1 00011 v be vy

at+1 00001 at a:
respectively, where x:, ¥ is the position of the landmark, u;, v represent the
velocity along z and y direction respectively, a; represents the acceleration, and
my, Ny represent the dynamic noise and measurement noise respectively. The
equation for updating the parameters in Kalman filter can be found in [12].

4 Experiment and Result

The proposed system was implemented using Visual C++ under Microsoft Win-
dows. The experiments were done on a P4 2.26 GHz computer with 512M Ram
running Microsoft Windows.

4.1 Experiment 1: Low Contrast and Noisy Video Fluoroscopic
Image

In this experiment, the performance of the proposed feature learning and de-
tection algorithm was evaluated. The vertebrae had to be segmented from the
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medical image with poor quality and low contrast. Actually, the image may not
be segmented easily manually. There are totally 2 phases in this experiment. The
first phase is learning phase where the texture pattern associated with edges is
learnt and the second phase is vertebral boundary detection where the snake is
fitted toward the edge detected.

In training phase, the total number of samples to be trained was around
1000, half of them was edge and half of them was non-edge. The samples were
selected manually and were selected from images with similar illumination and
contrast. The learning images and the testing images were randomly selected
from the same video sequence and thus with similar illumination and contrast.
In testing phase, the snake is initially mounted at location close to the vertebral
boundary. The snake will then attach to the boundary automatically by using
texture as heuristic.

The result of segmentation is showed in figure 2. It shows that the snake can
fit the target vertebrae very well. The accuracy cannot be determined here due
to no ground truth image provided. If the output is compare with the landmarks
marked by a skilled physician, the relative root-mean-square error (the difference
between the tracked corners and the physician-marked corners) is less than 3%
in average out of 100 testing samples. The processing time is around 18s when
the whole texture binary map is formed and the image with size 600 x 450 pixels.
Some of the edge detection result of commonly used edge detector is shown in
figure 3 for reference. It shows that the proposed method works much better
than the commonly used edge detectors.

Fig. 2. The first image shows the testing image. The second image shows the
binary image after final classification. The third image shows the fused image
constructed from the testing image and the binary image. The fourth image shows
the snake attached to the boundary of the vertebrae.

original sobel roberts canny prewitt

Fig. 3. Edge detection result of some commonly used edge detector is shown.
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4.2 Experiment 2: Tracking Spine in Videofluoroscopic Video

In this experiment, the performance of the whole system is evaluated. The system
ran in the same way as described in section 2. Firstly, the accuracy on the
reported location of the vertebra was tested. One of the vertebra in the video
was tracked. The corners will be extracted and reported. Throughout a video
sequence of 2 minutes, 200 sample frames was tested. The testing result is shown
in figure 4(a). It shows that the reported location by the system and the marked
location by the physician are very close. The relative root-mean-square error
(the difference between the tracked location and the physician-marked location)
is less than 5% in average. The processing time of each frame is aound 0.5 s
because the edge pattern is now analysed along the snake instead of analysed
the whole image.

The accuracy on intervertebral relation reported by the system were also
tested. The angle between two vertebrae is usually used in most spinal motion
analysis. Thus, the accuracy on the angle reported by the system were evaluated.
The measurement methodology is shown in figure 5(a). The testing result is
shown in figure 5(b). It shows the relative root-mean-square error (the angular
difference between the tracked result and the physician-reported result) is quite
large during initial phase but getting smaller after 30 frames. The relative root-
mean-square error is lower than 10% in average in later stage.

Finally, the number of vertebrae that can be tracked by the system is evalu-
ated. The result is shown in figure 4(b). It shows that totally four of the vertebrae,
namely L2, L3, L4 and L5 can be tracked, provided that the illumination and
the contrast is not varied a lot. The relative root-mean-square error reported is
less than 10% in these four vertebrae.

Trajactary ed cartaln vortobe —-
o o bl e

(a) (b)

Fig. 4. (a) The first two graphs show the reported location of the four vertebral
corners along the time domain and time series data of location of the correspond-
ing vertebral corners marked by physician respectively. The third graph combines
the above two time series into one graph, (b) The tracking result of L2 to L5
vertebrae.
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Fig. 5. (a) The angle difference between middle two vertebrae is recorded in the
experiment. (b) The left two graphs show the time series data on angle difference
reported by the system and those measured by physician respectively. The third
graph shows the corresponding relative root-mean-square error in percentage.

5 Conclusions

In this paper, a system for automatic spinal motion analysis is proposed. The
proposed system requires less human intervention than common approaches by
automating the edge detection and snake fitting. Operators may need to setup
initial snake position in the first frame only. The edge will then be detected
automatically using pattern recognition and the snake will fit toward the edge
accordingly. The initial snake position in the next frame will be predicted through
the use of dynamic that learnt from previous observations. Experimental results
show that the proposed system can segment vertebrae from videofluoroscopic
images automatically and accurately.
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Abstract. In this paper a new unsupervised segmentation algorithm based on
Fuzzy Gibbs Random Field (FGRF) is proposed. This algorithm, named as
FGS, can deal with fuzziness and randomness simultaneously. A Classical
Gibbs Random Field (CGRF) servers as bridge between prior FGRF and origi-
nal image. The FGRF is equivalent to CGRF when no fuzziness is considered;
therefore, the FGRF is obviously a generalization of the CGRF. The prior
FGRF is described in the Potts model, whose parameter is estimated by the
maximum pesudolikelihood (MPL) method. The segmentation results are ob-
tained by fuzzifying the image, updating the membership of FGRF based on
maximum a posteriori (MAP) criteria, and defuzzifying the image according to
maximum membership principle (MMP). Specially, this algorithm can filter the
noise effectively. The experiments show that this algorithm is obviously better
than CGRF-based methods and conventional FCM methods as well.

1 Introduction

Image segmentation is a key technique in the pattern recognition, computer vision
and image analysis. The accurately segmented medical images is very helpful for
clinical diagnose and quantitative analysis. Automated segmentation is however very
complicated, facing difficulties due to overlapping intensities, anatomical variability
in shape, size, and orientation, partial volume effects, as well as noise perturbation,
intensity inhomogeneities, and low contrast in images [1]. To overcome those diffi-
culties, there has recently been growing interesting in soft segmentation methods [2]-
[4]. The soft segmentation, where each pixel may be classified into classes with a
varying degree of membership, is a more natural way. Introducing the fuzzy set the-
ory into the segmentation is the outstanding contribution for soft segmentation algo-
rithms. The algorithm is called soft image segmentation scheme if it is based on fuzzy
set. When the fuzziness is eliminated according to some rules, the segmented image is
exactly obtained.

Although the FCM algorithms are widely used in image segmentation, there are
still some disadvantages. It is assumed that the data are of spatial independence or no

* This work was supported by 973 Program of China (No: 2003CB716101) and Key NNSF of
China (No: 30130180).

G.-Z. Yangand T. Jiang (Eds.): MTAR 2004, LNCS 3150, pp. 163-170, 2004.
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context. Those assumptions are unreasonable. The FCM algorithm hardly deals with
noised images. It is indispensable to incorporate the contextual constraint into the
algorithm during segmentation. Another, the statistical approaches are increasingly
used. Among them, Markov random fields (MRF)-based methods are of most impor-
tance due to well modeling the prior information [5], [6], but they poorly deal with
fuzziness. Furthermore, only hard segmentation was obtained with these methods.

The fuzzy-based methods and MRF-based methods have their respective advan-
tages. It can be predicated that integrating the fuzzy set theory with MRF theory will
create wonderful results. The mixing of Markov and fuzzy approaches is discussed in
[7]-[9]. Only two-class segmentation is discussed by adding a fuzzy class [7], [8]. H.
Caillol and F. Salzenstein only had discussion about generalization to multi-class
segmentation. S. Ruan et al used the fuzzy Markov Random Field (FMRF) as a prior
to segmented MR medical image [9], which is a multi-class problem. However, only
two-tissue mixtures are considered. Three-tissue or more-tissue mixtures are not con-
cerned. The idea of merging the fuzziness and randomness is to be refreshed. The
new concept of FMRF based on fuzzy random variable should be proposed. Every
pixel is considered as fuzzy case, and is the mixture of all the classes.

The paper is organized as follows. In section 2 some preliminaries about our model
are mentioned. The concept of FGRF is represented in Section 3. Our model based on
FGREF is described in section 4. Section 5 gives the algorithm and some experiments.
The final section is concerning conclusions and discussion on this paper.

2 Preliminaries

Fuzzy set theory is the extension of conventional set theory. It was introduced by
Prof. Lotfi A. Zadeh of UC/Berkeley in 1965 to model the vagueness and ambiguity.

Given aset U, afuzzy set A in U is amapping from U into interval [0,1], i.e.,
A:U >[0,1], x> A(x),

where A(x) is called membership function. Given x, € X , Z(xo) is the membership

value for element x,. All fuzzy sets in U are denoted by F(U).

Fuzzy set A in U is denoted by A = {(x, A(x)| x € U}. Ifthe set U is finite, then
fuzzy set A can be written as ;{=Z/~1(xi)/ x;or as a fuzzy vector

A= (/ﬂi(x1 ), ;I(xz )+, A(x,)) . We always consider that the fuzzy set is the same nota-
tion as its membership function.

Uncertainty of data comes from fuzziness and randomness modeled by the random
variables and the fuzzy sets respectively. Fuzzy random variable can model the two
kinds of uncertainty first proposed by Kwakernaak [10]. In the definition, fuzzy ran-
dom variable is a fuzzy-valued mapping. It is necessary to define the probability of
fuzzy event, thereby.

The probability of fuzzy events 4:Q —[0,1] @ > A(@) in the probability space
(Q,F, P) is defined as

P(4) = E(A)) = [ A(@)P(dw),
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Where E denotes the expectation. If the sample space is the discrete set, then

P(A)=Y Xw)p,, p,=P@,).

i=]

Generally p, is called primary probability.

3 Fuzzy Markov Random Fields

Traditional MRF-based segmentation algorithm requires modeling two random fields.
For S = {1,2,---,n}, the set of pixels, X =(X,),es is unobservable MRF, also called

the label field. The image to be segmented is a realization of the observed random
field Y =(¥;),.s - Random variable must be generalized to fuzzy random variables

for treating the vagueness. In this case, each pixel corresponds to a fuzzy set of label
field L = {1,2,---,k}. Soft segmentation can be realized, and the final result may be
obtained flexibly by many defuzzification methods.

In detail, each pixel i is attached with a fuzzy set represented by a k-dimensional
fuzzy vector (g 5 +++, M) » where g, is the membership value of the ith pixel to

the sth class, and the constraint Z,::l Mis =1 is introduced. X =(X,),s is called

fuzzy random field if each X, is fuzzy random variable. Fuzzy random field is just

FMREF if the family of fuzzy random variables is constrained by Markovianity.
When no fuzziness is considered, F(L)={/;(!)|ie L} is composed of all the indi-

cator functions of each label, i.e., F(L) includes no fuzzy cases. The fuzzy random
variables will certainly degenerate into classic random variables without fuzziness.
It is essential to know the joint probability of fuzzy event
X=x=(X,=x,X, =%, -, X, =x,),
where each x; is fuzzy set. The probability P(X = x) is given in a Gibbs form [6]
px)=2"'e"®,
where U(x) stands for the energy function and Z is the normalizing constant.

The family of fuzzy random variables is said to be a fuzzy Gibbs random field
(FGRF) if and only ifits joint probability obeys the Gibbs form.

4 FGRF Model

When the image segmentation is formulated in a Bayesian rule, the goal is to estimate
prior X from a posteriori P(X |Y). The prior and the likelihood distribution are
presented respectively. We adopt the MAP estimation as the statistical criterion.
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The FGREF is used as the prior to describe the context information. A fuzzy Potts
model is to be established based on the classical Potts model. Usually the neighbor-

hood system V is the spatial 8-connexity. In fuzzy Potts model, only pair-site clique
potential is considered and defined as

1
) =205, 1, )

where B is parameter, x; and x; is the fuzzy set in its labels. The distance between
the two fuzzy sets is measured by the hamming distance
k
1 =% 1= 2| Him = M |-
m=1

The larger the hamming distance, the larger the difference between two neighboring
sites is, and the larger the pair-site clique potential is too.

The subtle difference between two neighboring sites is taken into account in FGRF.
It is concluded that FGRF is more powerful and flexible than CGRF. When no fuzzi-
ness is considered, we yield the classical Potts model denoted by Z =(Z,),.s; the

fuzzy Potts model and the classical Potts model are a pair of random field that hold
the same parameter thereby.

It is necessary to define the membership function. The membership function is de-
veloped using geometrical features [11]. Let N; be the number of neighborhood
pixels of the candidate pixel X, belonging to class j. The membership function is
defined as

A L—>[01] j A()=N,/YN, @
J

where ;15 (j) denotes the degree of this pixel belonging to class j. We assume that
each class obeys normal form with the mean and variance
2
6, = (m, 01 3my,0% 5+, 0%)
If the fuzzy random variable X, takes a value x, = (#,,t2,"**» #s ). Then the dis-
tribution of ¥; conditional on X, also obeys normal form with mean and variance
2 2 2 2
M(S) = pramy + famy +---+ tgmy, 67 (s) = phol + ubol +-+ pyop .

To calculate the likelihood distribution P(Y | X), we made the assumptions that the
observation components ¥, are conditionally independent given X, and the distribu-

tion of each ¥, conditional on X is equivalent to its distribution conditional on X, .
Thus
P10 =P 1 X).
i

The parameter is estimated in MPL method. The concavity of pseudolikelihood
function determines simple and fast computation. It is key to deduce a formula so that
MPL estimation can be implemented.
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For Potts model, its distribution is

p(x,p)=2()-e V5P,

where

0 i =X
ux, =Y, VG j, Vz(i,j)={ 5 :#’; , z(ﬁ)=§exp[—u<x,ﬁ)].

i,jeN;

Let n(i,x;) be the numbers of label different from the candidate pixelx; in its
neighbor. The MPL estimation of parameter f is obtained by solving the following
equation
t(x) =Y E,[n(i,x)] 3
ie§
where Ep{n(i,x;)] is the expectation with respect to conditional distribution
P(x;|xy ),ieS and H(x)= Zn(i,xi). On the other hand, it is the concavity of the
ieS
pseudolikelihood function that MPL estimation is assured to be unique [12].

5 Algorithm and Experiments

When the MAP is adopted as the segmentation criteria, the goal is to find X that
maximize the posteriori, i.e., minimizing the posterior energy E(X |Y)

4

ieS

E(X|Y)= Z{(yla. Al +log(o'):|+ﬂt(x)

where #(x), m; and 0,2 were discussed in section 4. The parameter f was esti-
mated in pseudolikelihood method using Eq.(3). The unknown parameters is denoted
by
8; = {(m(i),6*())|i=1,2,,k}.

The FGRF is denoted by the X =(X,),g Whose no fuzzy case is CGRF
Z =(Z,),eg- It is easy to understand that the CGRF builds a bridge between the prior
FGRF and the observed image. In detail, our algorithm is described in the follow
steps:
1. Set the class number. The initial segmentation Z@ s obtained in the k-means

clustering procedure, and then the parameters 050) can also be initialized;
2. Estimate the parameter # and update during each iteration.

Fuzzify the CGRF Z©® and obtain the initial value of FGRF X
4. Update FGRF X using iterated conditional modes (ICM) by solving Eq. (5)

w
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(N2 5
=argmax ) (—yz(f)’—)z)ﬂog(ai(k)) + pr(xP)
g;

M jes

x(k+1)

5. Defuzzifythe x**" using MMP and yield an updated CGRF z**V.
6. Update the parameter 8, using the empirical means and variances.

7. Repeat the step 4)-6) until convergence.

Our algorithm is tested on both simulated MR images from the Brain Web Simu-
lated Brain Database at the McConnell Brain Imaging Center of the Montreal Neuro-
logical Institute (MNI), McGill University, and real MR images. Simulated brain
images are corrupted with different noise level. The control algorithms are the classi-
cal GRF (CGS), maximum likelihood (ML) and fuzzy c-mean (FCM) algorithm.

Fig. 1 presents a comparison results. For FGS algorithm, the original image has been
divided into the distinct and exclusive regions. Moreover it has more advantages than
the control algorithms, such as smooth and continuous boundary and no noise. Fig. 2
present a comparison of segmentation results for image corrupted with 9% noise
level. It is nearly no ability for FCM or ML algorithms to filter the noise. It is doubt-
less that FGS algorithm is much more powerful than CGS algorithm for filtering
noise.

To further testify the powerful property in filtering the noise, our method is also
realized to segment a simulated image corrupted greatly with unknown noise level.
Fig. 3 shows that only our algorithm can obtain the correct segmentation.

To measure the robustness of the algorithms, the overlap metric is utilized as the
criteria. The overlap metric is a measure for comparing two segmentations that is
defined for a given class assignment as the sum of the number of pixels that both
have the class assignment in each segmentation divided by the sum of pixels where
either segmentation has the class assignment [13]. Larger metric means more similar
for results. The segmented images corrupted by different noise level are compared
with the no noise image using the different algorithms. Experiments show that our
algorithm is much more robust than the others. Table 1 gives the overlap metrics of
white matter (WM), gray matter (GM) and cerebrospinal fluid (CSF). It is satisfied
that the overlap metric of our algorithm varies slowly with the noise level increasing,
i.e., our algorithm is insensitive to noise.

(@) (b) © @

Fig. 1. Comparison of segmentation results on real clinical MR image. (a) Original image, (b)
using FGS, (c) using CGS, (d) using FCM
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(2) (b) (© (@ (O]

Fig. 2. Comparison of segmentation results on stimulated MR image, (a) Original images with
9% noise level, (b) using FGS, (c) using CGS, (d) using ML, (e) using FCM

@ ® "© @

Fig. 3. Comparison of segmentation results on general stimulated image. (a) Original image,
(b) using FGS, (c) using CGS, (d) using FCM

Table 1. Overlap metric with different noise level

Noise Overlap metric of WM Overlap metric of GM

level FGS | FCM | CGS | ML | FGS | FCM | CGS | ML
1% 097 1098 |097 | 0.88 | 096 [0.97 [0.96 |0.87
3% 094 | 094 1092 [0.73 | 093 [092 |0.87 |0.77
5% 093 1089 [091 [0.69 |09 |0.86 | 0.87 |0.72
7% 091 | 0.83 | 089 |0.65 | 0.86 | 0.79 | 0.85 | 0.65
9% 090 [0.76 | 0.85 | 0.61 | 0.85 | 0.70 | 0.81 | 0.58

6 Conclusion and Discussion

The proposed algorithm takes into account the fuzziness and the randomness simulta-
neously. Each pixel is modeled by fuzzy random variable. The FGRF is used to ob-
tain the contextual information. All the experiments show that our algorithm can
obtain accurate segmentations. But the intensity inhomogeneity is not taken into ac-
count. We will try to settle this problem in the following work.
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Abstract. Diffusion tensor MRI is currently the only imaging method that can
provide information about water molecule diffusion direction, which reflects
the patterns of white matter connectivity in the human brain. This paper
presents a fiber-tracking algorithm based on an improved streamline tracking
technique (STT). Synthetic datasets were designed to test the stability of the
fiber tracking method and its ability to handle areas with uncertainty or
isotropic tensors. In vivo DT-MRI data of the human brain has also been used
to evaluate the performance of the improved STT algorithm, demonstrating the
strength of the proposed technique.

1 Introduction

Diffusion tensor MRI (DT-MRI) is an in vivo imaging modality with the potential of
generating fiber trajectories of the human brain to reflect the anatomical connectivity.
Furthermore, the various water diffusion information provided by DT-MRI can reflect
microstructure and texture characteristics of the brain tissues [1,2,3]. Thus far, there is
no “gold standard” for in vivo fiber tractography [4]. In vitro validation of the fiber
tract obtained by DT-MRI has been attempted histologically [5,6], but sample
dissection, freezing, dehydration, and fixation can potentially change the
microstructure of the tissue and distort the histological sample. Significant advances
have been achieved in recent years by using the tract-tracing methods based on
chemical tracers, in which chemicals agents are injected and their destinations are
confirmed [7]. Due to the nature of the experiment design, these techniques are not
suitable for in vivo studies. Quantitative validation of the virtual fiber bundles
obtained by DT-MRI is an important field of research. The purpose of this paper is to
describe an improved STT algorithm for fiber tracking, which is validated with both
synthetic and in vivo data sets.

2 Material and Methods

2.1 Synthetic Fiber Models

In general, diffusion tensor can be visualized by using an ellipsoid where the principal
axes correspond to the directions of the eigenvector system [8]. Let 4, > 1, > 4, be the

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 171-178, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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eigenvalues of the symmetric diffusion tensor D, and e, be the eigenvector
corresponding to 4, . The tensor D can be described by

D =Age +A,e,e] + A,e,8] 1)

If the tensor of a particular point is isotropic, the corresponding tensor D can be
described as follows

D, =D+é&¢’ 2

The isotropic tensor can be changed into anisotropic tensor, as shown in Fig.l. By
changing the direction of & we can control the direction of major eigenvector D, .

Tensor deflection

\ 4

Fig. 1. Isotropic tensor transforms to anisotropic tensor using tensor deflection

In this study, three different synthetic fiber orientation data sets are used. The first
simulated tensor field is parameterized as a group of parabola:

x=005y*+a 3)

where a is a displacement constant that 1< 2<10. In this case, the direction of the
corresponding eigenvector is the tangent of the group of curves as shown in Fig.2(a),
where arrows indicate the major eigenvector direction at each point. In regions of
x=1:10, y=1:10, the eigenvector directions change along to the tangent of
x=0.05y" +a, whereas in regions of x=11:20, y=1:10, the eigenvector directions
change along the tangent of x=-0.05y° +a. Finally, within the area of x=1:20,
y=11:20, the directions of the eigenvectors are all parallel to the y axis.

Fig.2(b) describes another synthetic data set where the eigenvector directions
within the region of x=1:9, y=1:20 and x=11:20, y=1:20 change along the tangent of
y=-025(x—10)2 +b (bis a displacement constant), and in the region of x=10,
y=1:20, the tensor becomes isotropic. The third synthetic data set simulates 3D fiber
distribution as shown in Fig. 2(c), where the primary eigenvectors are aligned with
part of a helix described by:

x =100 *sin(?) )]
y =100 * cos(¢)
z=30%¢

In Eq. (4), tis from 0.37 to 0.67 and the data size is 25x96x31 pixels.
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Fig. 2. Simulation data sets used for validating the fiber tracking algorithm, where (a) and (b)
are modeled by parabolas and (c) corresponds to part of a helix.

2.2 In Vivo Data

Clinical DT-MRI images were acquired on 1.5T MRI scanner (Sonata, Siemens,
Germany). A set of DWIs was obtained by using an echo-planar sequence. Imaging
parameters were as follows: FOV=23x23 cm”, matrix=128x128, slice thickness=5
mm, TR=5s, TE=101 ms, NEX=4, bvalue=500s/mm*. Seven diffusion gradient
vectors were as follows: (0,0,0), (1,0,1), (-1,0,1), (0,1,1), (0,1, -1), (1,1,0) and (-1,1,0).
Inside tracing RO, all pixels which FA is larger than 0.2 were selected as seed points.

2.3 Algorithm for Fiber Tracking

Currently there are several approaches for reconstructing fiber tracts. Most of the
techniques for tracking nerve fibers based on DT-MRI are variants of the Principal
Diffusion Direction (PDD) Tracking algorithm. The main idea of PDD is to start at a
given starting pointx, and proceed in the direction of the main eigenvector, i.e., the

PDD 2,(x,):

X, =e,) C))
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Xy =X, + o0, (6)

The tracking process is stopped when the anisotropy of the diffusion tensor reaches a
lower threshold or when the tracking direction starts to change abruptly. The tensor at
position x,,, could be interpolated from tensor field D.

Basser et al. [9] introduced STT for brain fiber tracking by assuming that the major
eigenvector direction is tangent to the tract pathway. They assume that a white matter
fiber tract could be represented as a 3D space curve, i.e., a vector r(s),

parameterized by the arc length, s, of the trajectory shown in Fig. 3.

Fig. 3. Representation of a white fiber trajectory

Let t(s) be the unit tangent vector at position r(s) , then:

EE) 165 )

The basic method of STT is to equalize the tangent vector t(s) and the unit
eigenvector g, calculated at position r(s) thus

t(s) = 5,((5) ®)
and
ES) - eets) ®
ds

The initial condition of above differential equation is r(0)=r,, which specifies a

starting point on the fiber tract. This differential equation can be resolved by using
Euler’s method:

X, =X, +h%, (10)

where h is a coefficient from 0 to 1.

Due to image noise, the major eigenvector direction of the points on the assumed
fiber pathway often deviates from the true fiber direction, resulting in misleading
sudden direction changes. This makes STT terminate at positions where it should
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continue. Furthermore, when a diffusion tensor has a planar or spherical shape, the
major eigenvector direction may not be parallel to the true nerve fiber direction;
therefore the uncertainty of fiber tracking using STT may become large. To improve
the accuracy of STT tracking, a tensor deflection is added towards the previous
tracking direction:

D, =D+ai,_ 3., (1)
Therefore the final tracking direction becomes:

x, =¢(D,,) (12)

- .7
=g(D+ax, x,,)

By changing the value of & we can adjust the tracking direction. A larger value of
will deflect the proposed fiber paths to a greater extent.

2.4 Continuity of Tracking Direction and Termination Criteria

One of the problems needs to be considered is how to assure the continuity of the
tangent vector’s direction as described in Eq. (8). In this study, we used the dot
product of tangent vectors obtained in the previous step and the one got in the present
step. If the result is positive we keep the sign of the current eigenvector; if the result is
negative we reverse its sign. For termination, one of the criteria we used is the extent
of anisotropy. The fractional anisotropy of the gray matter is typically in the range of
0.1-0.2 [10], by which an empirically value of 0.2 is used as the threshold for
termination. Another criterion is the directional change between adjacent pixels. For
this purpose, we check the trajectory deflection angles in the tracking process and the
algorithm terminates when the angle change becomes too large. The continuity in the
fiber orientation can be expressed as:

C=|%, - %, 13)

3 Experimental Results

Fig. 4 shows the tracking results of the first two synthetic data sets by using the STT
and improved STT methods, respectively. The first pixels of each column are seed
points used for tracking. Fig. 5 shows the corresponding trajectories of the synthetic
3-D fiber model. All points in the first slice (z=1) are used as the seed points for
tracking. It is evident from these figures that STT cannot follow the true fiber tracts
and can cause severe deviation from the real fiber orientation. The improved STT, on
the other hand, is much more robust that can obtain the whole trajectories.
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Fig.d. (a)-(c) show tTracking results for the synthetic data set shown in Fig. 2(a) by using STT,
and improved STT with «=0.1 and oa=0.8, respectively, (d)-(e) are the racking results for the
synthetic data set shown in Fig. 2(b), with STT and improved STT, respectively. For STT,
when tracking reaches the area of spherical tensor, the process misses the right direction and is
terminated. For the improved STT, the tracking process can handle the isotropic point and keep
tracking until the end of the fiber tract.

Fig. 5. The tracking result for the 3-D fiber model by using STT (left) and improved STT
(right) respectively.

As shown in Fig. 6, nerve fiber tracts inside the ROI for the in vivo data set are almost
parallel, without intersection or branching. The tracking results of two methods did
not show significant differences.

However, in regions where the distribution of the nerve fiber is complex, e.g. when
there are fiber crossing or fiber branching, the STT method is no longer being able to
delineate the true fiber path when reaching the “crossing” area. The improved STT
can resolve this problem and continue with the tracking process. It is evident that
STT is sensitive to noise and has difficulty propagating through spherical and planar
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tensors. The modified STT method improves the overall stability of tracking process
and significantly decreases the uncertainty of fiber tracking

Fig. 6. In vivo tracking results when the fiber shape is relatively simple. (a) shows the selected
ROI (in green square), and (b) is the corresponding FA, (c) the tracking result of STT, and (d)
is the tracking result of improved STT with ¢ =0.2.

(CY

Fig. 7. Tracking results where fiber shape is complex. (a) shows a selected ROI (in green
square), and (b) is the corresponding FA, and (c) is the tracking result of STT, (d) improved
STT wither = (.8.

4 Discussion and Conclusion

In this paper, we have presented an improved STT method for fiber tracking with DT-
MRI. The synthetic tensor field data sets are of practical value for validating the fiber
tracking method. It is worth noting that the synthesized tensor fields in this study is
relatively simple and further studies are needed to create realistic and more complex
fiber models. They should include the consideration of properties such as fiber
curvature and connection between fiber orientations. Although the improved STT
method can overcome some disadvantages of STT, it still uses PDD as fiber tracking
direction, and the problem that tracking result deviates from the real trajectory due to
image noise or partial volume effect is unsolved. The issue of how to best map the
real fiber tract from DT-MRI voxels should be investigated further.
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Abstract. An automatic algorithm to locate the modified Talairach cortical
landmarks is proposed. Firstly, three planes containing the landmarks are de-
termined, and the optimum thresholds robust to noise and inhomogeneity are
calculated based on range-constrained thresholding. Then, the planes are seg-
mented with the chosen thresholds and morphological operations. Finally the
segmentation is refined and landmarks are located. The algorithm has been
validated against 62 T1-weighted and SPGR MR diversified datasets. For each
dataset, it takes less than 2 seconds on Pentium 4 (2.6 GHz) to extract the 6
modified Talairach cortical landmarks. The average landmark location error is
below 1 mm. The algorithm is robust and accurate as the factors influencing the
determination of cortical landmarks are carefully compensated. A low compu-
tational cost results from selecting three 2D planes to process and employing
only simple operations. The algorithm is suitable for both research and clinical
applications.

1 Introduction

The Talairach transformation ([9]), despite its limitation ([7]), is the most popular
way to normalize brains. It is solely determined when the midsagittal plane (MSP),
position of the anterior commissure (AC) and posterior commissure (PC), and local-
ization of the 6 Talairach cortical landmarks are available. So far, the Talairach corti-
cal landmarks are determined manually ([3]). Nowinski ([7]) studied the drawbacks
of the existing Talairach cortical landmarks and proposed the modified Talairach
cortical landmarks. Automatic identification of either the Talairach or modified Ta-
lairach cortical landmarks from MR neuroimages is difficult due to the inherent na-
ture of the MR neuroimages: noisy, gray level intensity inhomogeneity, the partial
volume effect due to big voxel sizes, sagittal sinus/meninges connected to the cortex,
closeness of the cortex to the optic nerves both spatially and in gray levels.

This paper focuses on robust and fast extraction of the 6 modified Talairach corti-
cal landmarks based on anatomic knowledge and range-constrained thresholding.
The algorithm has been tested against 62 T1-weighted and SPGR morphological MR
datasets, both phantom and real datasets with numerous variations in imaging pa-
rameters (noise levels, inhomogeneities, voxel sizes, scanning orientations).

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 179-187, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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2  Material and Method

2.1 Material

62 MR neuroimage datasets collected from four sources have been used for this study
including 24 clinical datasets (T1-weighted and SPGR), 20 normal T1-weighted data-
sets from the Internet Brain Image Segmentation Repository (IBSR)
(www.cma.mgh.harvard.edu/ibsr) (some of them are with significant intensity
inhomogeneity), and 18 TI-weighted Brain Web phantom datasets
(www.bic.mni.mcgill.ca/brainweb) with noise level 0-9%, and inhomogeneity level 0,
20%, and 40%. All data were not corrected by any preprocessing.

2.2 Method

The inputs to our algorithm are MSP ([6]), and the AC and PC ([10]). Fig. 1 shows
the flow chart to determine the 6 modified Talairach cortical landmarks.

Input dataset

Derive the planes with the landmarks: axial plane passing through the AC and PC, the two
coronal planes passing through the AC and PC respectively, all with a 1 mm® voxel size

v

Range-constrained thresholding

v

Segment the three planes

v

Compensate sagittal sinus/meninges, optic nerves, and the partial volume effect

v

Determine and output landmarks

Fig. 1. . Flow chart for determining the modified Talairach cortical landmarks

221 Range-Constrained Thresholding

The existing thresholding methods ([2], [8]) lack the mechanisms to incorporate
knowledge about the images to be segmented and thus handle poorly the inherent
nature of the neuroimages like noise and inhomogeneity. We proposed range-
constrained thresholding ([5]) which explicitly incorporates the knowledge into the
segmentation scheme and consists of 3 steps. The region of interest (ROI) is firstly
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determined from the image. Then, within the ROI a range in the corresponding histo-
gram is estimated by knowledge, which represents the maximum and minimum
bounds that the background proportion can be. Finally, the threshold is selected to
minimize the classification error within this range. Let h(i) denote the frequency of
gray level r; (0 <7, <255), then the accumulative frequency H(i) is X} 4(Z) , and the

frequency at interval [ry, 1,] is X7 A(7) . The following steps will yield the optimum

threshold maximizing the between class variance:

1. Specify the two percentages H? and H. , corresponding to the lower and upper
frequency bounds of the background in the ROI based on prior knowledge or tests;

2. Calculate 1y, which is the gray level corresponding to the background lower
bound H; : r,, =min{i| H() = H}};

3. Calculate rygn, which is the gray level corresponding to the background upper
bound Hj : ryg, =min{i | H(@) 2 Hp};

4. Calculate the between-class variance with respect to the variable 1
Pr(Cl)x D(C1) + Pr(C2) x D(C2) 0]
where 1y falls within (Tiow, Thigh),

hwmﬁwxmmk%ﬂmmawmrmﬂmmbmvmﬂ

Ylow
rhigh . - rk . . rhigh . -
pr= T ixh(i), pg=Tixh@), ;= X ixh().
Tlow Piow e+l

The optimum threshold is the ry maximizing formula (1) for a specification of
H! and H} .

2.2.2  Determination of the A, P, L, and R Landmarks

The AP plane is an axial slice perpendicular to the MSP and passes through the AC

and PC. For Talairach transformation, only the u (horizontal) coordinates of the L and

R landmarks, and the v (vertical) coordinates of the A and P landmarks are needed.
The following steps will yield the 4 landmarks:

1. Find the voxels enclosed by the skull and take them as the ROI ([1]).

2. Determine the optimum threshold within the ROI, giving H; =14% , H; =28% .

The two percentages are derived from analyzing the ground-truth segmentation of
the 20 IBSR datasets. The threshold maximizing formula (1) is denoted as &, .

3. Segment the AP plane by the following sub-steps:
a) Perform distance transformation of the ROI and convert the distance codes to
distance indexes ([4]). Denote the maximum distance index as maxDSkull.
b) Binarize the image within the ROI and denote the result as BWAP1(u,v).
¢) Perform morphological opening with 3x3 structuring element (SE) with respect
to BWAPI(u,v) to get BWAP2(u,v).
d) Perform morphological opening with 5x5 SE with respect to BWAP1(u,v) to
get BWAP3(u,v).
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e) Find the connected foreground components of BWAP3(u,v). A foreground
component is judged as an object component when its minimum distance index
(minD) is bigger than a value (implemented as 20) or maximum distance index
(maxD) is bigger than another value (implemented as maxDSkull/2).

f) The object voxels are excluded from the foreground voxels of BWAP2(u,v).
Find the connected foreground components of BWAP2(u,v). A foreground com-
ponent of BWAP2(u,v) is categorized as an object component only when the
shape of the component is not similar to meninges. According to anatomical
knowledge, meninges have a similar shape to the outline of skull and are quite
thin. So when (maxD-minD) is smaller than 0.1 times the number of voxels of this
component, the foreground component is judged as background; otherwise it is
classified as an object component.

4. Restore object voxels around the object boundaries due to the morphological open-
ing when their gray level is bigger than 01.

5. Restore object voxels due to the partial volume effect. The basic idea is to check if
the gray level is monotonically decreasing from cortical surface to the background
and the cortex proportion of the immediate background voxel is at least 0.5.

6. The v coordinates of the A and P landmarks are the minimum and maximum v
coordinates, respectively, of all object voxels. Similarly, the u coordinates of the L
and R landmarks are the minimum and maximum u coordinates of all object voxels,
respectively. For the AP plane, its u and v coordinates are the same as x and y co-
ordinates, respectively, of the volumetric dataset.

a) b)

Fig. 2. Identification of the A, P, L and R landmarks from the AP plane: a) the original AP
plane; b) the segmented AP plane; and c) the two horizontal lines passing through the v coor-
dinates of the extracted A and P landmarks, and the two vertical lines passing through the u
coordinates of the L and R landmarks overlaid on the original AP image

223 Determination of the S Landmark

The VPC plane is a coronal slice perpendicular to both the MSP and AP plane, and
passes through the PC. For the S landmark, its v (vertical) coordinate is the smallest v
coordinate of all cortical voxels on the VPC plane.

The S landmark is localized through segmentation of a virtual slice aVPC(u,v)
with the complete skull. Denote the VPC plane as VPC(u,v), the coordinates of the
PC on VPC(u,v) is (pcU, pcV). aVPC(u,v) is constructed in the following way:
aVPC(u,v) is equal to VPC(u,v), when v is not bigger than pcV; aVPC(u,v) equals
VPC(u, pcV+pcV-v), when v is bigger than pcV and smaller than (pcV+pcV).
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The S landmark is located through segmentation of aVPC(u,v) as follows:
1. Find the ROI of aVPC(u,v). This is the same as finding the ROI of the AP plane.

2. Determine the optimum threshold within the ROI, giving Hf =20%, H? = 40%.

The two percentages are derived from analyzing the ground-truth segmentation of
the 20 IBSR datasets. The threshold maximizing formula (1) is denoted as &, .

3. Segment the aVPC plane through the same sub-steps as segmenting the AP plane,
using threshold 4, .

4. Restore object voxels around the object boundaries due to the morphological open-
ing as done for the segmentation of the AP plane.

5. Restore object voxels due to the partial volume effect in a similar way as done for
the A, P, L, and R landmarks.

6. The minimum v coordinate of all object voxels in aVPC(u,v) is found and is taken
as the v coordinate of the S landmark.
Figs. 3 a, b, and ¢ show the derived aVPC, segmented aVPC and the white line to

mark the S landmark on the original VPC, respectively.

a) b) | c) |

Fig. 3. Identification of the S landmark through segmenting the virtual slice aVPC: a) the
derived slice aVPC with complete skull; b) the segmented aVPC slice; and c¢) the horizontal
line passing through the v coordinate of the extracted S landmark overlaid

224  Determination of the I Landmark
The VAC plane is a coronal slice parallel to the VPC plane and passes through the
AC. The v (vertical) coordinate of the I landmark is is the maximum v coordinate of
all cortical voxels on the VAC plane.

According to the Talairach-Tournoux atlas ([9]) it can be assumed that the maxi-
mum z coordinate difference between the AC and I landmark is within 50 mm.

Denote the AC’s coordinates in the VAC(u,v) as (acU, acV). The I landmark is ob-
tained through the following steps:
1. Binarize VAC(u,v) using threshold &, and denote the result as BWVACI(u,v).

2. Connect the region around the AC to make subsequent seeding feasible.

3. The vertical line passing through the AC divides the VAC into left and right halves.
Set the voxels on the vertical line with a bigger v coordinate than (acV+3) mm to
background to force the foreground separation in the lower region of
BWVACI(u,v).

4. Perform morphological opening operation with regard to BWVACI1(u,v) with 3x3
SE to get BWVAC2(u,v).
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5. Perform morphological erosion with respect to BWVAC2(u,v) with 3x3 SE to get
BWVAC3(u,v).

6. Seed from (acU, acV) with respect to BWVAC3(u,v) to get the foreground com-
ponent. Then, perform morphological dilation on the seeded foreground compo-
nent with 3x3 SE to get BWVAC4(u,v). The erosion followed by seeding and dila-
tion is intended to break the connection between the cortex and non-cortical struc-
tures while preserving the original shape of the cortex.

7. Find the maximum v of BWVAC4(u,v) with u smaller than acU, and denote it as
max VL. Find the maximum v of BWVAC4(u,v) with u not less than acU, and de-
note it as maxVR.

8. The left half of BWVAC4(u,v) (with u smaller than acU) is recovered in two
rounds if (maxVL-acV) is smaller than 50 mm. The first round is to compensate
the morphological opening operation and the second round is to compensate the in-
fluence of the partial volume effect done similarly to the S landmark. The right
half of BWVAC4(u,v) (with u not less than acU) is recovered in two rounds when
(maxVR-acV) is smaller than 50 mm in a similar way.

9. When both (maxVL-acV) and (maxVR-acV) are smaller than 50 mm, the v coor-
dinate of the I landmark is the biggest v coordinate of all object voxel in
BWVAC4(u,v). If only one of (maxVL-acV) and (maxVR-acV) is smaller than 50,
the v coordinate of the I landmark is the maximum v of object voxels from the side
whose maximum object v coordinate is smaller than (50 mm+acV). When both of
(maxVL-acV) and (maxVR-acV) are bigger than 50 mm, the v coordinate of the I
landmark is the maximum v coordinate of all object voxels from the left or right
side whose difference with acV is smaller.

Figs. 4a, b, and ¢ show the binarized VAC (BWVACI), processed foreground

(BWVAC4), and the v coordinate of the I landmark overlaid on the original VAC

slice.

c)

Fig. 4. Identification of the I landmark from processing the VAC plane: a) VAC being bi-
narized into BWVACI; b) BWVACI being processed into BWVAC4, and c¢) the horizontal
line passing through the v coordinate of the extracted I landmark overlaid on the original VAC
image

3 Results

The algorithm was implemented in C++ on Pentium 4 (2.6 GHz CPU). The 6 modi-
fied Talairach cortical landmarks were extracted within 2 seconds.
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For each dataset, the 6 ground-truth landmarks were identified by a neuroanatomy
expert (WLN) using the image editor Adobe Phtoshop on the dataset’s AP, VAC, and
VPC planes all with 1 mm® cubic voxels.

The range, average, and standard deviation of the landmark location errors for the
A, P, L, R, Iand S landmarks of the 62 datasets are listed in Table 1.

Table 1. The statistics of location errors for all the landmarks of the 62 datasets

A P L R I S
Range (mm) 0-2 0~3 0~2 0~1 0~2 0~3
Average (mm) 0.35 0.44 0.24 0.44 0.66 0.87
Standard devia-  0.58 0.62 0.47 0.50 0.63 0.76

tion (mm)

The distribution of errors of all the 372 (62x6) landmarks is summarized in Table 2.

Table 2. The distribution of errors of all the landmarks

0 1 mm 2 mm 3 mm
Number of landmarks 210 141 18 3
Percentage 56.5 37.9 4.8 0.8

4 Discussion

Our algorithm provides a way to automatically extract the modified Talairach cortical
landmarks. The algorithm has been quantitatively validated against 62 MR datasets,
including 18 brain web phantom T1-weighted datasets, 20 T1-weighted IBSR data-
sets, and 24 T1-weighted and SPGR clinical datasets.

The proposed algorithm is robust to noise and gray level inhomogeneity. For the
T1-weighted phantom datasets with varying noise levels 0~9% and varying gray level
inhomogeneity 0~40%, the landmark location error is mostly within 1 mm and only
two landmarks have a location error of 2 mm. The algorithm can handle them well
because the thresholds based on anatomical knowledge (in the form of range con-
straints) are robust to noise and gray level inhomogeneity as compared with other
existing thresholding methods (Fig. 5).

The average location error is smaller than 1 mm and 94.2% of the extracted land-
marks have a location error equal to 0 or 1 mm. The accuracy is achieved through
compensating the connection between the cortex and the sagittal sinus/meninges,
noise, gray level inhomogeneity, closeness of the cortex to optic nerves both spatially
and in gray levels, and the partial volume effect.

The algorithm is fast, taking less than 2 seconds on Pentium 4 with 2.6 GHz CPU.
This is mainly because only the three 2D images (the AP, VAC, VPC planes) are
chosen to process instead of the whole 3D volumetric dataset. In addition, only sim-
ple operations like thresholding, seeding, simple morphological operations (erosion,
dilation, opening and closing), distance transform are used. The algorithm can handle
a wide spectrum of T1-weighted and SPGR clinical morphological volumes with
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a) b)
Fig. 5. Robustness to noise and inhomogeneity of the present method as compared with exist-
ing [2] and [8]: a) original AP plane of an IBSR dataset with serious inhomogeneity and noise;

b) segmented AP plane based on [2]; c) segmented AP plane based on [8]; and d) segmented
AP plane of the proposed algorithm.

d)

various artifacts caused by a stereotactic frame as well as handles incomplete cortical
surface.

1 Conclusion

We have proposed an algorithm to locate the modified Talairach cortical landmarks
automatically, rapidly and robustly within 2 seconds on Pentium 4. The algorithm has
been validated against 62 T1-weighted and SPGR MR datasets. The average land-
mark location error is below 1 mm: 0.35+0.58 mm for the A landmark, 0.44+0.62 mm
for the P landmark, 0.24+0.47 mm for the L landmark, 0.44+0.50 mm for the R
landmark, 0.660.63 mm for the I landmark, and 0.87+0.76 mm for the S landmark.
The error distribution of all the landmarks is: 56.5% landmarks have no error, 37.9%
landmarks have 1 mm error, 4.8% landmarks have 2 mm error, and 0.8% landmarks
have 3 mm error.
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Abstract. Unsupervised Fuzzy C-Means (FCM) clustering technique has been
widely used in image segmentation. However, conventional FCM algorithm,
being a histogram-based method when used in classification, has an intrinsic
limitation: no spatial information is taken into account. This causes the FCM
algorithm to work only on well-defined images with low level of noise. In this
paper, a novel improvement to fuzzy clustering is described. The prior spatial
constraint, which is defined as refiusable level in this paper, is introduced into
FCM algorithm through Markov random field theory and its equivalent Gibbs
random field theory, in which the spatial information is encoded through mu-
tual influences of neighboring sites. The algorithm is applied to the segmenta-
tion of synthetic image and brain magnetic resonance (MR) images (simulated
and real) and the classification results show the new algorithm to be insensitive
to noise.

1 Introduction

Unsupervised fuzzy clustering, especially fuzzy c-means algorithm (FCM), has been
widely employed [1-7] in image segmentation. Based on minimum square error crite-
rion, FCM algorithm can perform classification without need to estimate the density
distribution, parametric or nonparametric, of the image. In addition, it is fairly robust
and can be applied straightforwardly to multi-channel data. When used in image seg-
mentation, however, FCM algorithm confronts a serious limitation: it does not incor-
porate any spatial information, which cause it to be sensitive to noise and imaging
artifacts.

Mathematically, conventional FCM is formulated to minimize the following objec-
tive function, the sum of the errors between intensity at every pixel and the centroid
of each class, with respect to the membership y and the centroid v,
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Where y; is observed intensity at pixel j, Q is the set of pixel locations in the image,
C is the number of clusters or classes. The membership functions are constrained to
satisfy:

c 2
u, € [0,1] kzzluf" =1

Here, the objective function (1) is minimized only when high values are assigned to
pixels whose intensities are close to the centroid and low values are assigned to pixels
whose intensities are distant from the centroid. The parameter ¢ is the constant pa-
rameter that controls the degree of fuzziness of clustering result and satisfies g>1.
The membership functions become increasingly fuzzy as g increases.

It can easily be seen from (1) that the objective function of FCM does not take into
account any spatial information; i.e., segmentation is solely based on the histogram of
image. This limitation will make the FCM algorithm exhibit sensitivity to noise in the
observed image.

To overcome this limitation of FCM, one obvious way is to smooth the image be-
fore segmentation. However, standard smoothing filters can result in loss of important
image details, especially at the transitory regions of image. More importantly, there is
no way to rigorously control the trade-off between the smoothing and clustering.
Another approach is to post-process the membership functions [1]. In [2], “multi-
resolution spatially constrained fuzzy membership function model” is applied to mod-
ify the prototype vectors. Spatial constraint is also enforced by incorporating “scale
space vector” created by an area morphology operator [3].

Recently, approaches by directly modifying the objective functions have been pro-
posed to increase the robustness of FCM to noise [4-6]. The distance is weighted in [4]
by a factor based on the difference between the membership values of pixels in the
neighborhood of the pixel. Penalty part is incorporated to the objective function (1)
by D. L. Pham [5] to discourage unlikely or undesirable configurations according to
the neighborhood of the pixels. In [6], a regularization term has been introduced to (1)
to impose neighborhood effect. The above methods are claimed to be similar to the
Markov random field theory, but they aren’t directly based on MRF, the very effi-
cient and competent theory to describe the spatial context information in image analy-
sis. And the methods have to be confronted with the problem of selecting the parame-
ter that controls the balance between conventional part and added part for spatial
constraint. In [5], cross-validation has been utilized to select the parameter of regu-
larization. Although subsampling of pixels has been implemented to construct the
validation set, the computation load is still very high.

MRF modeling and its application in image segmentation have been investigated
by many researchers [7-8]. It has been shown that MRF prior can improve the per-
formance of segmentation.

Based on MREF theory and its equivalent GRF theory, we introduce the spatial con-
text constraint into the objective function of FCM. Minimize the new objective func-
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tion according to the zero gradient condition, thus a novel GFCM algorithm is pro-
posed which can handle both the grayscale and spatial information while segmenting.
The rest of this paper is organized as follows: Section 2 presents the mathematical
details of MRF and GRF theory. Section 3 describes the GFCM algorithm. Experi-
mental results of image segmentation and comparison with other methods are given in
Section 4, followed by conclusions in the final section.

As to the problem of brain MR images segmentation, we focus on segmenting
normal brain image, with non-brain parts of the images having been removed in ad-
vance, into three kinds of tissues: Gray matter (GM), White Matter (WM), and CSF.

2 MREF Theory and GRF Model

LetX:{x:()q,--;)gv)pg el,ieﬂbe a family of random variables defined on the set of
sites S = {1,2,--N}, in which each random variable X; takes a value in the set of la-
bels L={1,2,+-,[}. The family X is called a random field [7].

2.1 MRF Theory

MREF theory provides a convenient and consistent way to model context dependent
constraint through neighborhood system: N={N,ieS}{7], where N; is the set of sites

neighboring i, and has the properties: (1) iéM {2) i e]\§ <jeN.

X is said to be a Markov random field (MRF) on S with respect to a neighborhood
system N if and only if the following two conditions are satisfied:

P(x)>09xe X 3

P(xi le-{i})= P(xi IxN,.) (4)

The Markovianity depicts the local characteristics of X: a label interacts with only
its neighboring labels. In other words, only neighboring labels have direct interac-
tions with each other. According to the Hammersley-Clifford theorem [7], an MRF
can be equivalently characterized by a Gibbs distribution.

2.2 GREF Theory

A set of random variables X is said to be a Gibbs random field (GRF) on § with re-
spect to N if and only if its configurations obey a Gibbs distribution. A Gibbs distri-
bution takes the following form [7]:

P(x) =exp(-U(x))/ Z 5)

where Z is a normalizing constant called the partition function and U(x) is the energy
function. The energy is the sum of clique potentials Vc(x) over all possible cliques:



Brain MR Image Segmentation Using Fuzzy Clustering with Spatial Constraints 191

UG)=Y V.0 (6)

ceC

A clique is defined as a subset of sites in S in which every pair of distinct sites are
neighbors. The value of Vc(x) depends on the local configuration on the clique c.

2.3 Multi-Level Logistic Model (MLL)

By choosing different clique potential functiony, (x), a wide variety of distributions

can be formulated as Gibbs distributions. In MLL models [7][9], the potentials for
cliques containing more than one site are defined as:

-

if all sites in ¢ have the same label N
otherwise

B.> 0 is a constant depending on the type of clique. This encourages neighboring

sites to have the same class label. Homogeneity is imposed on the model by assigning
the same potential function to all cliques of a certain type, independent of their posi-
tions in the image.

In this paper, we use a special MLL model [8] that considers only two-site cliques
so that the energy function can be written as:

VZ(xi_xj)=ﬁ[1_5(xi_xj)] (8)

&(-)is the Kronecker delta fuction and [ is the penalty against non-equal labels on

two-site cliques and inversely proportional to the signal noise ratio (SNR) of MRI
data.

3 GFCM Algorithm

Given the basic theory on GRF model in last section, the definition of refusable level
is proposed below.

Propositions 1: Given one pixel j and the set of its neighboring sites Nj, the prior
probability p (k)of labeling the pixel to k €L can be calculated in term of the

Gibbs model presented in Section 2, 1— P, (k) can be considered as the resistance of

neighbors Nj to assigning pixel j the label k. The resistance is defined as refusable
level in this paper.

Because refusable level take a value between the 0 and 1 and represent the spatial
constraints, it can be introduced into the objective function (1) of FCM as following,

J orem :Ziﬂﬂ:q(l_l)j(k)llyi “’k"z ©

k=l
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where 1- P (k) is calculated from the hard maximum membership segmentation dur-

ing the iteration.

In order to minimize the objective function (9), membership values are assigned to
the pixel not only according to the distance from the centroid, but also taking into
account the resistance of the neighboring pixels to the label. When minimizing (9),
the mutual influences and collective role between refusable level and intensity dis-
tance are described in detail as follows:

At pixel j, when the refusable level 1— P (k) of the neighboring pixels Nj to label k

is low, the high resistance caused by large distance of the intensity to centroid can be
tolerated by the low refusable level. As aresult, a high membership may be assigned
to pixel j. If refusable level 1— P (k) =0, it will tolerate all resistance caused by inten-

sity no matter how distant the intensity is from the centroid and the pixel will defi-
nitely be assigned label k. While the reusable level - P.(k) of the neighboring pixels

to the label k is high, it will give the intensity distance a large weight in the objective
function and will encourage assigning a low value to label k.

Using Lagrange multipliers to impose the constraint in (2) and evaluating the cen-
troids and membership functions that satisfy a zero gradient condition yield the two
necessary conditions for Jgrem to be at a minimum.

Ko = A )))“(H)ﬁ) (10)
>y, - C-p@)
Z"Enﬂjkq(lapf(k)))’j (11

V, =

Z i,jﬂﬂ‘q(] - Pj(k))

The discrete steps of Gibbs Fuzzy C-means (GFCM) Algorithm are as follows:
1. Initial estimates of the centroids and initial segmentation;
2. Calculate the prior probability Pj(k) in term of (5);
3. Update the membership functions according to (10);
4. Calculate centroids using (11);
5. Go to step (2) and repeat until convergence.

4 Experiments and Discussions

In this section, the segmentation results of GFCM algorithm are shown. In these ex-
periments, we set C=4 and g=2. The algorithms were run on a 1.2G PC system. For
an image with size of 256¥256, execution time of GFCM algorithm is about 5s and
standard FCM algorithm requires about 3s.

The results of applying GFCM algorithm to a synthetic test image is shown in Fig-
ure 1. The test image contains intensity values 0, 85, 170 and 255, and the image size
is 256*256 pixels. White Gaussian noise with a standard deviation of 30 was added to
the image. Figure 1a shows the test image. Figure 1b and 1c show the results of
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maximum membership classification produced by standard FCM and GFCM, respec-
tively. It can be seen that the result of GFCM classification is less speckled and
smoother except that there is some faint distortion at edges. Therefore, the GFCM
classification, under the spatial smoothing constraints of the neighborhood system, is
much more robust than the traditional FCM classification.

Fig. 1. Comparison of segmentation results on a two-dimensional test image: (a) the test image,
(b) FCM classification, (d) GFCM classification.

Figure 2 shows the application of GFCM to a simulated MR image from the
Brainweb database. Figure 2a shows the original simulated image, 9% noise and no
inhomogeneity. Figure 2b and 2c¢ shows the segmentation result of standard FCM and
GFCM, respectively and the ground truth of segmentation is shown in figure 2d.
Obviously Figure 2c is much closer to the ground truth than figure 2b and the
smoother appearance of the GFCM result is evident.

Fig. 2. Comparison of segmentation results on a simulated MR image: (a) original image, (b)
using FCM, (c) using GFCM, (d) the true segmentation used to simulate the MR image

The correct classification rates (CCR) of applying several different algorithms to
the simulated MR images for different levels of noise were shown in Table 1. MFCM
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is the modified FCM algorithm [6] and PFCM is the penalized FCM algorithm [5].
With the increase of noise level, the segmentation result of standard FCM degrades
rapidly. While the fuzzy clustering algorithms with spatial constraint such as GFCM,
PFCM and MFCM, can overcome the problem caused by noise. Overall, the three
kinds of improved FCM algorithm produce comparable results, i.e. our GFCM algo-
rithm provide another novel approach to improve the performance of conventional
FCM algorithm.

Table 1. Correct Classification Rates of Different Methods Applied on Simulated MR Data

Noise level (%)
3% 5% 7% 9%
FCM 92.12 88.94 84.25 79.23
GFCM 96.86 95.67 95.34 95.12
MFCM 97.18 96.63 95.82 94.33
PFCM 94.27 93.52 93.13 92.63

Figure 3 shows the application of RFCM to real MR images taken from IBSR. The
algorithm has incorporated the bias field correction as described in [6]. Novel meth-
ods is also addressed in [10][11][12] to correction for the intensity inhomogeneity in
MR images. Figure 3a shows the original T1 weighted brain MR images, Figure 3b
shows the estimated bias field and Figure 3c shows the Segmentation result of GFCM
with bias field correction. The manual segmentation by medical expert is shown in
figure 3d. Obviously, GFCM algorithm with the bias field correction produces classi-
fication comparable to manual results of expert.

Fig. 3. GFCM applied to real T1-weighted MR images from IBSR: (a) original images, (b)
estimated bias fields, (c) segmentation results of GFCM, (d) manual segmentation results

5 Conclusion

In this paper, we have described a novel extension of FCM, based on the Markov
Random Fields theory, to incorporate spatial constraints. The spatial information in
GFCM is extracted from the label set during segmentation. Comparison is also pre-
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sented between our GFCM algorithm and traditional FCM, penalized FCM and Modi-
fied FCM on synthetic image and simulated MR images. The GFCM produces com-
parable results as PFCM and MFCM, while GFCM is of complete mathematical
background with more promising future improvement
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Abstract. In a previous work, we proposed multi-context fuzzy clustering
(MCFC) method on the basis of a local tissue distribution model to classify 3D
T1-weighted MR images into tissues of white matter, gray matter, and cerebral
spinal fluid in the condition of intensity inhomogeneity. This paper is a com-
plementary and improved version of MCFC. Firstly, quantitative analyses are
presented to validate the soundness of basic assumptions of MCFC. Carefully
studies on the segmentation results of MCFC disclose a fact that misclassifica-
tion rate in a context of MCFC is spatially dependent on the anatomical posi-
tion of the context in the brain; moreover, misclassifications concentrate in re-
gions of brain stem and cerebellum. Such unique distribution pattern of mis-
classification inspires us to choose different size for the contexts at such re-
gions. This anatomy-dependent MCFC (adMCFC) is tested on 3 simulated and
10 clinical T1-weighted images sets. Our results suggest that adMCFC outper-
forms MCFC as well as other related methods.

1 Introduction

In general, white matter (WM), gray matter (GM) and cerebral spinal fluid (CSF), are
three basic tissues in the brain. Brain tissue segmentation of MR images means to
identify the tissue type for each point in data set on the basis of information available
from both MR images and neuroanatomical knowledge. It’s an important processing
step in many medical research and clinical applications, such as quantification of GM
reduction in neurological and mental diseases, cortex segmentation and analysis,
surgical planning, multi-modality images fusion, functional brain mapping [2,9,10].
Unfortunately, intensity inhomogeneity, caused by both MR imaging device imper-
fections and biophysical properties variations in each tissue class, result in various
MR signal intensities for the same tissue class at different locations in the brain.
Hence intensity inhomogeneity is a major obstacle to any intensity based automatic
segmentation methods and has been investigated extensively [1,4,5,6,7,8,11]. To
address this issue, multi-context fuzzy clustering (MCFC) method had been proposed
[11] on the basis of a local tissue distribution model in our previous work. In this
paper, anatomy-dependent MCFC (adMCFC) is proposed to refine and improve the
original MCFC.
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The local tissue distribution model and MCFC method are briefly summarized in
Section 2. Section 3 presents adMCFC followed by experimental results in Section 4.
The final section is devoted to discussion and conclusions.

2 Original MCFC Method

Clustering context is a key concept for the local tissue distribution model and MCFC.
A context is a subset of 3-D MRI brain volume and the size of a context is defined as
the number of pixels in the context. Highly convoluted spatial distributions of the
three different tissues in the brain inspired us to propose the local tissue distribution
(LTD) model. Given a proper context size, LTD model in any context consists of the
following three basic assumptions:
(1) Each of the three classes of tissues exists with considerable proportion.
(2) All pixels belonging to same tissue class will take on similar ideal signal intensi-
ties.
(3) Bias field is approximately a constant filed.
As a whole, it is conflictive to choose context size for the three assumptions simulta-
neously. The following quantitative analyses are presented as a complementary ex-
planation to validate the soundness of the assumptions. The simulated T1-weighted
data as well as the corresponding labeled brain from the McConnell Brain Imaging
Center at the Montreal Neurological Institute, McGill University [3] were used
through the paper.

Firstly, an index of fractional anisotropy (FA) was presented to describe difference
in proportions of the three tissue classes in a given context.

VB, ~ 7Y +(n,— ) +(n, - TD)’ )
V2. \/ nl+n:+n}

Where ny, ng and ng are the number of pixels in a context belonging to WM, GM, and
CSF respectively and 7 is the average. Given normalized context size (NCS), N
contexts or brain regions were uniformly sampled in the labeled brain image and the
averaged FA among N contexts was defined as a measure of proportion difference for
the given NCS [11]. When pixel amount were same for all the three tissues in a con-
text, FA reached zero as the minimum; when the amount differences among the three
tissues became more significant FA would increased. As a function of NCS, FA was
plotted in Fig.1 where FA is decreasing when the context became larger. Accord-
ingly, larger context size could guarantee assumption (1) better.

As for assumption (2) the centers of ideal signal distributions (CISD) were calcu-
lated for both WM and GM in each sampled context with given NCS in the 3-D simu-
lated T1-weighted data without any noise and bias field imposed. Profiles of CISD of
GM in contexts at different positions in the brain were plotted in Fig 3 (a) ~ (d) corre-
sponding to NCS of 0.02,0.06, 0.10 and 0.18 respectively.

In any one of the 4 figures, CISD are various in different brain regions, which im-
plies the intrinsic variations of biophysical properties in GM. Moreover, such varia-
tion of CISD gradually decreases when the NCS becomes larger and larger, which

FA
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suggests local differences in biophysical properties of different GM structures are
gradually vanished. Accordingly assumption (2) required the context as small as
possible to keep the truth. As for assumption (3), however, the smaller, the better.
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Fig. 3. GM CISD distributions with NCS= 0.02(a); 0.06 (b); 0.10 (c) and 0.18 (d)

Therefore it is conflictive to choose a proper context size since assumption (1) asks
the size as larger as possible, while the other two assumptions require the opposition.
As a function of NCS, misclassification rates (MCR) of MCFC on simulated data
with 3% noise were plotted in Fig.2.in case of 0%, 20% and 40% bias field (INV)

respectively. We can see that 0.06, a tradeoff between the two conflictive require-
ments, yielded satisfying results.
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Given NCS, MCEFC includes two stages: multi-context fuzzy clustering and infor-
mation fusion. Firstly, multiple clustering contexts are generated for each voxel and
fuzzy clustering is independently carried out in each context to calculate the member-
ship of the voxel to each tissue class. The memberships can be regarded as soft deci-
sions made upon the information from each information source, say the context. Then
in stage 2, all the soft decisions are integrated as the final results. Implementation
details of MCFC can be found in [11].

3 Anatomy-Dependent MCFC

Carefully studies on the MCR of each context resulted in an interesting finding that
MCR in contexts varied at different position in the brain and most of the errors con-
centrated in the area of brain stem and cerebella as shown in Fig. 4. The finding
seemed similar for all the three data sets (3% noise and 0%, 20% and 40% bias
fields).

Fig.4 Original simulated T1-weighted MR data and the misclassified pixels. Box
indicates the area with concentrated misclassification.

Quantitatively analysis in FA suggested that higher FA made assumption (1) not
well guaranteed, which was, at least, part of the reason to concentrated misclassifica-
tion in such area. We enlarged contexts in these regions by an enlarging coefficient.
As a function of enlarging coefficient, averaged FA among the enlarged contexts
were calculated and plotted in Fig. 5. We can see that FA in such area does decrease
with the enlarging coefficient so that assumption (1) could be more correct. The im-
plementation of adMCFC can be summarized as follows:
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Fig. 5. FA and enlarging coefficient Fig. 6 MCR and enlarging coefficient

Step 1 Find the enlarging anatomic area in target brain images

In practice, a binary mask could be rough created either by a manually drawing cov-
ering brain stem and cerebella or by a rigid registration from the template as shown in
Fig. 4 to the target.

Step 2 Perform modified MCFC with a given NCS.

During context window with NCS moving through the target image, context center is
tested whether in the enlarging mask or not. If yes, enlarge the context by multiplying
the NCS with a given enlarging coefficient; If not, keep original NCS unchanged. Do
step 2 until all the contexts were processed.

In adMCFC, a proper enlarging coefficient is very important. Given NCS = 0.06 as
in [11], three MCR curves were calculated and plotted as the function of the enlarging
coefficient in Fig. 6 on the three sets of simulated T1-weighted MRI data respec-
tively. When enlarging coefficient was set between 1 and 4, the MCR became smaller
for all the intensity inhomogenieties conditions and the best classification results
occurred at slightly different enlarging coefficients for the three conditions. In this
work, we chose 3 as the enlarging coefficients in all experiments.

4 Experiments

4.1 Evaluation with 3-D Simulated MRI Data

adMCFC as well as MCFC and other related methods were tested on the same simu-
lated MR data as in [11] and the results were listed in Table 1. Both adMCFC and
MCFC were significantly robust to increased bias field than FCM and FM-AFCM in
[6]. Moreover, MCR of adMCFC was lower than that of MCFC in each level of bias
field. Additionally, adMCFC outperformed MCFC in the masked area can visually
demonstrated in Fig.7 where the misclassification pixels were obviously reduced.
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Table 1. MCR from simulated data

Method INV=0% INV=20% INV=40%
FCM 4.020% 5.440% 9.000%
FM-AFCM 4.168% 4.322% 4.938%
MCEFC 4.020% 3.909% 3.979%
adMCFC 3.915% 3.780% 3.922%

@) (b) ©) (@ ©

Fig. 7. Segmentation results. (a) True model (b) MCFC result (c) adMCFC result (d)
MCFC misclassification (e¢) adMCFC misclassification

4.2 Evaluation with Real T1-weighted MRI Data

T1-weighted MRI data of 10 normal subjects (SIEMENS 1.5T, image size:
256x256x128, resolution: 1.17mm x 1.17mmx 1.25mm) were used to validate
adMCFC. Fig. 8 showed the results from both adMCFC and FCM on the MR image
of one of the 10 subjects. The bias field and corresponding misclassifications can be
easily detected at the top part in the original MR image and segmentation results of
FCM. But adMCFC yielded a much better result. Such improvement can also be
demonstrated with 3D rendering of the segmented WM in Fig 9 where WM loss is
very significant at the top area in the results of FCM.

5 Discussions and Conclusion

In this work we have qualitatively described the requirements of our LTD model and
presented a improved MCFC method to separated brain tissue in T1-weighted MR
images with more accuracy than MCFC as well as other related methods in the condi-
tion of bias field and biophysical properties variations. It is difficult for a fixed con-
text size to guarantee the assumptions of LTD in all contexts because of the complex-
ity of the brain. While adMCFC can determine the size of a context according to its
anatomic position to result in a lower misclassification rate than original MCFC can
do.

There are several issues to study further to improve the performance of adMCFC,
such as the relationship between context size and enlarging coefficient, the shape and
size of the mask to enlarge context. Please note that, we corrected a minor mistake in
the MCFC algorithm so that we obtained slightly different results in Table 1 and Fig.
2 from those in [11].
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Fig. 8. Segmentation results. Original images (first row); FCM results (second row)
and adMCEFC results (third row)

Fig. 9. 3D rendering of segmented WM from two view angles (top and bottom row).
FCM results (left column) and adMCFC results (right column)
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Abstract. The aim was to investigate the neural basis of visual at-
tention deficits in Alzheimer’s disease (AD) patients using functional
MRI. Thirteen AD patients and 13 age-matched controls participated
in the experiment of two visual search tasks, one was a pop-out task,
the other was a conjunction task. The fMRI data were collected on a
1.5T MRI system and analyzed by SPM99. Both groups revealed almost
the same networks engaged in both tasks, including the superior pari-
etal lobule (SPL), frontal and occipito-temporal cortical regions (OTC),
primary visual cortex and some subcortical structures. AD patients have
a particular impairment in the conjunction task. The most pronounced
differences were more activity in the SPL in controls and more activity
in the OTC in AD patients. These results imply that the mechanisms
controlling spatial shifts of attention are impaired in AD patients.

1 Introduction

Alzheimer’s disease (AD) was considered as a dementia characterized by global
cognitive impairment. Amnesia has long been recognized as a primary manifes-
tation and is the core symptom for the clinical diagnosis of probable AD [1].
However, there has been a suggestion that attention is impaired early in the
course of AD [2]. Until recently, there has been a relative paucity of experimen-
tal studies about attentional functions in AD. Attentional impairments have
been revealed in many studies of attentional capacities including both auditory
[3] and visual [4] selective processing, visual search [5] and attention shifting [6].
However, other studies have showed no marked deficits in detecting, shifting to
and engaging target items [7,8]. There is therefore a continuing debate concern-
ing the status of attentional functions in AD patients. In the present study, we
used computer-presented visual search task to examine whether an attentional
deficit exists in AD, We also intended to investigate the neural basis of visual
attention deficits with functional magnetic resonance imaging (fMRI).

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 204-212, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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2 Method

2.1 Subjects

Thirteen patients (mean age, 62.6 = 7.8; 8 females) suffering from mild to mod-
erate AD were recruited from our outpatient memory disorder unit (diagnosed
according to NINCDS-ADRDA [1] and ICD-10 criteria [9]). Relevant medical dis-
orders (asides from AD) were excluded. The severity of cognitive impairment was
assessed using the Mini Mental State Examination (MMSE) [10] (group mean
score, 14.3 + 8.2). The control group consisted of 13 healthy subjects, matched
to the patient group in age (mean age 64.5 +6.7) and gender (7 females). All
controls had a score 27.8 +2.6 points in the MMSE and no pathological changes
in T1 and T2 structural cranial MR images. They had no psychiatric, neurolog-
ical, or cardiovascular disease history and did not use psychotropic drugs. All
subjects provided written informed consent prior to participation.

2.2 Experimental Paradigm

The visual search tasks were generated on a personal computer using the pre-
sentation software package. Subjects were stabilized against bulk head move-
ments using custom-made foam pads. They viewed the stimuli through a mirror
mounted on the head coil. All participants performed two tasks. One was a
pop-out single feature task, detecting a vertical target bar among horizontal dis-
tractors, regardless of their color (Fig.1a). The other was a conjunction task,
in which the target is defined by a conjunction of features (color and orienta-
tion) and the performance depends on some shifting of attention (Fig.1b). The
visual display subtended a maximum size of 12° horizontally and 8° degrees
vertically. In both visual search conditions, subjects were instructed to respond
to the presence or absence of the target as quickly as possible with right-hand
button press, while avoiding errors. Three stimulus set size (4, 8 and 12) were
randomly varied from trial to trial and the target was present in 50% of trials.
At the beginning of each trial a central fixation cross(+) was presented for 500
ms, followed by the array of visual stimuli for 3000 ms. A blank interval of 1000
ms intervened between trials.The functional scan followed a classic block design
where the stimuli were presented in six blocks (54 s of each), alternating with
fixation periods of 27 s. Reaction time (RT) and correctness of response were
recorded. To ensure visual search performance under steady fixation, subjects
underwent about 1-hr training sessions.

2.3 MR Imaging

The fMRI examination was performed using a 1.5-T MRI system (Siemens
Sonata, Germany). For functional imaging, 16 slices [(slice thickness=5 mm, slice
gap=1 mm; flip angle (FA)=90°; matrix size=64 x 64; field of view(FOV)=220
mmx220 mm), were acquired using a gradient-echo echo-planar imaging (GE-
EPI) sequence with a repetition time (TR) of 4500 ms, and an echo time (TE) of
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50 ms. Each functional time series consisted of 108 volumes and lasted 486 s. Ad-
ditionally, structural three-dimensional data sets were acquired in the same ses-
sion using a T1-weighted sagittal MP-RAGE sequence (TR=1900 ms, TE=3.93
ms; matrix=448 x 512; thickness=1.70 mm, gap=0.85 mm; FOV=250 mmx250
mm).

{a) pop-out {b) conjunction

Fig. 1. Diagrammatic representation of the two visual search tasks used in this
study (dark and light bars designate red and green bars, respectively)

2.4 Data Analysis

Reaction Time (RT) and correctness of response were compared across condi-
tions (pop-out and conjunction) and between groups (controls and AD patients)
using two-way ANOVAs. For each of the four experimental conditions (con-
trols or AD patients doing pop-out or conjunction task), a two-way analysis
of ANOVA was used with distractors and target presence or absence as main
factors. Additionally, RTxdistractor set size slope was calculated.

SPM99 was used for imaging data preprocessing and statistical analysis
[11,12]. The statistical effects of task conditions and subjects were estimated
according to the general linear model applied to each voxel in brain space. Sta-
tistical comparisions between experimental factors were based on the fixed-effects
model. The different activations between groups and within group were analyzed
using 2-way ANVOA. The statistical threshold was set at P < 0.001 uncorrected
and a cluster threshold of greater than 10 voxels.

3 Results

3.1 Behavioral Data

Both groups performed well and relatively few errors were made. The results
showed that search rates in the pop-out condition were similar in both the two
groups, However, AD patients searched significantly more slowly compared to
the controls in the conjunction condition(P < 0.05).
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We obtained intercept (in milliseconds) and slope (in milliseconds per distrac-
tor) values from linear regression analyses with median correct RT set against
the array size(4, 8 and 12) for groups (AD and controls) on both tasks. These
values are shown in Table 1. In the conjunction condition, for normal controls,
there was a significant interaction (2-way ANOVA, P < 0.05) between set size
and the presence or absence of the target, i.e. the number of distractors had a dif-
ferent effect on present and absent responses. In contrast, for AD patients, there
was no such interaction (2-way ANOVA, P > 0.05). Normal controls showed
the classical 2 : 1 target present/absent response pattern (target present slope:
20ms/item; target absent slope: 44ms/item); Patients with AD, however, showed
a different pattern, in that the difference between target present and target ab-
sent slope was much smaller (target present slope, 35ms/item; target absent
slope, 41 ms/item).

Table 1. Intercept, Slope and r? Values for the Two Groups on the Popout and
Conjunction Tasks (Note. TP: target present; TA: target absent)

Simple feature search task Conjunction feature search task
controls AD controls AD
TP-slope 3.25 0.75 20.50 35.25
TP-intercept 804.00 772.33 750.33 775.33
TP-r? 0.99 0.30 0.92 0.98
TA-slope -1.75 2.50 44.50 41.75
TA-intercept 739.00 720.00 828.00 764.00
TA-r’ 0.20 0.04 0.99 0.99

3.2 Imaging Data

Group average activations from the search tasks were shown in Fig.2. Mean loca-
tions in Talairach Space and volumes were given in Table 2 and 3. The analysis
of group for AD and controls revealed that the cerebral networks involved in
both tasks were almost the same, including the parietal lobule (SPL), frontal
and occipito-temporal cortical regions (OTC), primary visual cortex and some
subcortical structures.

There were remarkable differences in the extent of activation of these brain
regions between patients and controls (Fig. 2). The less activation in AD patients
was demonstrated in the bilateral parietal lobes and right frontal regions, while
additional activation was found in left frontal lobes and right occipito-temporal
cortical regions in the conjunction condition. There was a double dissociation
between AD patients and controls concerning their differential activation of the
dorsal and ventral visual stream. The most pronounced differences were found
in the parietal lobule (more activity in controls) and occipito-temporal cortical
(more activity in patients). However, the difference between the two groups was
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Fig. 2. Averaged brain activation involved in the different conditions (pop-out
and conjunction task) of the two groups (AD patients and controls) (a-d) and
the comparison between groups for the different conditions (e-f).

small in the pop-out condition. There was less activation in right superior pari-
etal lobule in AD patients, while there was no significant difference in bilateral
frontal lobes (Fig. 2). Therefore, AD patients have a particular impairment in
the conjunction task but not in the simple-feature task.
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4 Discussion

A visual search paradigm composed of simple and conjunction feature search
tasks was used to evaluate the level of attentional function in patients with AD
and matched controls. This paradigm has previously been used exclusively in the
cognitive psychology literature [13,14,15,16]. From behavioral data, We demon-
strated that AD patients had significant deficits in visual attention, as revealed
by their differentially slowed target detection speed in the conjunction task, and
the degree of the impairment was directly related to the size of distrators.

The most important findings from imaging data were that a network related
to visual search tasks is very similar in AD patients and controls. The relative
contribution of the components of this network differed between the two groups.
AD patients showed less activation in the bilateral parietal lobes and right frontal
regions, while additional activation was found in left frontal lobes and right
occipito-temporal cortical regions in the conjunction task. Given that parietal
lobe dysfunction is a typical pathological characteristic of AD, our finding of
the impaired conjunction task is consistent with previous work that indicated
that the superior parietal cortex is specifically involved in mediating conjunction
search [17]. Other possibly relevant brain regions are the anterior cingulated
cortex, thought to be involved in selecting target information from distracting
information [18] and frontal lobes, thought to be involved in resolving response
conflict, both of which may also be abnormal in AD.

Another finding of our study is a double dissociation between patients and
controls concerning their differential activation of the dorsal and ventral visual
stream. Patients showed significantly less activation in the dorsal stream (SPL),
while they revealed higher task-related activity in the right OTC than con-
trols. This shows that in AD, ventral and dorsal visual pathways are not only
differently damaged at the input side as demonstrated during passive visual
stimulation [19], but these differences remain during active engagement of these
regions. Thulborn et al [20] reported reduced parietal cortex activation in the
right hemisphere in AD patients during an eye movement task. They interpreted
their finding as being a correlate of reduced spatial attention caused by AD. Our
results converge with those of Thulborn et al [20]. Probably, this additional re-
mote activation can be interpreted as a potential mechanism to compensate for
the reduced functional capacity of the parietal in AD patients.

Interestingly, less resource-demanding capabilities, tapped by the pop-out
task, remained relative preserved in AD through the functional compensation of
neighboring neural tissues. Of note, it has been suggested that the basal ganglia
(which seem to be relatively unaffected in AD) may mediate the fundamental
ability to detect salient targets [18].

The results of the present study need to be considered in the context of the
large body of neurobiological and neuroimaging study on functional reorgani-
zation in AD. Our study was only one step in unraveling the pathophysiology
processes of this neurodegenerative disease.
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Table 2. Anatomical Regions Activated during the Popout Task (P< 0.001)

Age-matched controls AD patients

Region Voxels XY Z Region Voxels XY Z
R-superior parietal R-superior parietal
lobule(BAT) 18953 32 -66 48 lobule(BAT) 17202 30 -66 48
L-lingual R-medial occipital
gyrus(BA18) 18953 -2 -94 -8 gyrus(BA19) 17202 30 -82 22
R-front eye fields R-frontal eye fields
lobule(BA6) 1947 38 -6 60 (BAS6) 1916 40 2 58
R-inferior frontal R-inferior frontal
gyrus(BA44) 1947 48 14 28 gyrus(BA44) 1916 50 12 32
R-medial frontal supplementary eye
gyrus (BA9) 1947 54 12 42 fields(BAG) 1592 2664
Frontal eye fields
(BAS6) 1295 0654 R-basal ganglia 407 28184
R-superior frontal R-inferior frontal
gyrus(BAS) 1295 620 48 gyrus(BA45) 407 44 30 16
L-medial frontal R-medial frontal
gyrus(BA4T) 269 -46 50 -6 gyrus(BA10) 407 40 50 22
L-inferior frontal L-inferior frontal
gyrus(BA4T) 269 -2828 0 gyrus(BA4T) 249 -26184
R-thalamus 156 -14 -10 14 R-postcentral gyrus 135 64 -18 32

Table 3. Anatomical Regions Activated during the Conjunction Task (P< 0.001)

Age-matched controls AD patients
Region Voxels XY Z Region Voxels XY Z

L-superior parietal L-superior parietal
lobule(BAT) 27717 -32 -56 50 lobule(BAT) 13813 -36 -42 62
L-precuneus L-inferior occipital

(BAT) 27717 -26 -68 44 gyrus(BA18) 13813 -20 -104 0
R-superior parietal R-superior parietal
lobule(BAT) 8070 32 -60 48 lobule(BAT) 5280 32 -66 50
L-postcentral R-medial occipital
gyrus 27717 -50 -32 50 gyrus(BA19) 5280 34-946
R-frontal eye fields R-inferior parietal
gyrus(BA6) 4030 32-6 64 lobule(BA40) 5280 38 -48 44
R-medial frontal R-medial frontal
gyrus(BA10) 279 0654 gyrus(BA10) 1090 44 50 -4
L-basal L-medial frontal
ganglia 1444 4256 8 gyrus(BA46) 476 -48 42 20
R-basal L-medial frontal
ganglia 1444 18 018 gyrus(BA10) 476 -36 60 12
R-thalamus 1444 14 -6 12 R-inferior temporal
R-inferior frontal gyrus(BA3T7) 213 44 -64 -14
gyrus(BA4T) 4030 56 16 2

R-inferior frontal R-inferior frontal

gyrus(BA46) 279 50 46 14 gyrus(BA45) 114 30 26 2
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Abstract. This paper presents a new data-driven method to identify
the spatial and temporal characteristics of the cerebral hemodynamics
in functional magnetic resonance imaging (fMRI). The experiments are
in block design paradigm and the scans in task blocks are investigated in
a sequential manner. Spatial evolvement of the activated regions along
with the time-course are demonstrated. The time series of each region is
predicated as the convolution of the stimuli with the hemodynamic re-
sponse function (HRF) formulated as the sum of two gamma functions.
The predicted time series is fitted to the actual one by using a nonlin-
ear least-squares procedure to estimate the HRF parameters. Analyses
on empirical fMRI datasets exhibit obviously the spatial and temporal
dispersion of hemodynamics.

1 Introduction

To date, functional magnetic resonance imaging (fMRI) has been widely used
in cognitive neuroscience. When certain tasks are performed, neurons in specific
brain areas are activated and their activities trigger the change of blood oxygen
level in nearby arterioles, which lays the basis of blood oxygen level-dependent
(BOLD) fMRI.

The nature of the BOLD fMRI signal is a consequence of its hemodynamic
origins. It is noted that the hemodynamic response (HDR) is much slower than
the 10-100 ms timescale of the evoked electrical activity and neurovascular con-
trol mechanisms, with reported temporal width on the order of 5-8 s (Dale et
al., 1997; Aguirre et al., 1998) and has long time constant undershoots (Glover,
1999). This inherence heavily filters the fMRI signal (Buxton et al., 1997), and
therefore hampers the characterization of the actual neuronal response. At the
same time, the hemodynamics is a spatial diffused process, so the activated areas
detected by HDR are also blurred. The so-called effective temporal and spatial
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resolution of BOLD fMRI is physiological and limited primarily by the blurring
introduced by the HDR.

It’s important to study the characteristic of hemodynamics. Till now most
work is based on optical imaging (OI) technique (Malonek et al., 1996; Kim, 2003;
Buxton, 2001; Mayhew, 2003) or event-related fMRI paradigms (Buckner et al.,
1996; Rosen et al., 1998; Glover, 1999; Miezin, 2000), for OI technique has higher
spatial and temporal resolution than fMRI while event-related fMRI designs
allow the response to a single stimuli to be examined in a context-independent
fashion, hence avoiding the interaction between stimuli which contains nonlinear
components (Glover, 1999; Boynton et al., 1996). But, i) OI technique is an
invasive technique which can’t be applied to normal human, ii) for most of the
fMRI analysis a time invariant linear model provides a reasonable approximation
to the observed signal (Boynton et al., 1996; Cohen, 1997; Dale et al., 1997,
Friston et al., 1998; Glover, 1999) and iii) since 1980’s the block design paradigm
is popularly applied in most neuroimaging research with easier experimental
design and imaging acquisation compared with event-related paradigm.

This paper presents a new method to analyze the fMRI data acquired in a
block design experiment, aiming at digging out more useful information of the
temporal and spatial dispersion of the HDR.

2 Materials and Methods

BOLD fMRI data were acquired in a GE Signa System operating at 1.5 Tesla
with a gradient echo echo-planar imaging (EPI) sequence (TR = 3 sec, TE = 50
ms, FOV=24cm, matrix =64 x 64, slice number = 18, slice thickness = 5 mm, gap
= 1.5 mm). Eight healthy, right-handed subjects (four males and four females)
participated in the study. These subjects were not pretrained. The experiments
were right-hand finger tapping, which occurred in a periodic design containing
5 blocks of 20 scans. Each block consisted of 10 baseline scans followed by 10
scans acquired during task. The whole experiment lasted 300s.

Then we analyzed the data for each subject respectively. Experimental data
were imported into the SPM software package (SPM’99, Wellcome Department
of Cognitive Neurology). Spatial transformation (realignment, spatial normal-
ization) was performed to correct motion. Data were spatially smoothed with a
Gaussian filter (4-mm full-width half-maximum (FWHM) kernel). The latter 4
blocks (80 scans) were included in the further analysis.

2.1 Sequential Activation Detection

In the following processing of parameter estimation and statistical inference, we
applied a new data-driven method. The task blocks were analyzed in a sequential
manner: except the scans in the control blocks, the first scan in each block after
the onset of the stimuli was included while the other nine scans excluded in the
time-series analysis and the activation areas were detected; then, the first two
scans in each block included and activation areas detected under this condition;
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then the first three analyzed and so on, until all the ten scans in each task block
were included in activation detection just as normal. The design matrix of GLM
in SPM was constructed with a column of box-car functions and a column with
1’sto model the global cerebral blood flow. The contrast was simply (1 0) which
indicates ‘active > rest’. In this sequential manner, ten groups of results were
obtained from one dataset of each subject.

2.2 The Parametric HDR Function

Next, to evaluate the temporal characteristic of the HDR in a parametric way,
the hemodynamic response function (HRF, noted as &rf) is formulated as the
sum of two gamma functions:

Let f{z, h,l) be the probability density function (PDF) of Gamma distribu-
tion:

g1 exp(—lar)

flz) = (1)

where z is Gamma-variate (Gamma has range [0, 00] ), h is the shape parameter
(h > 0), l is scale parameter (! > 0). Then the hrf can be expressed as:

gamma (h)

h'f'f:f(iﬂ,hl,ll) —f(wvh%l?)*r (2)
where hy, 1, ha, I3 is the shape parameters as (1), r is the parameter which mod-
ulates the ratio of peak to undershoot of the HDR. This model of the HDR has
been demonstrated reasonable and comprehensive (Friston et al., 1994; Boynton
et al., 1996; Martindale et al., 2003; Mayhew et al., 1998) and is utilized in SPM
as a kind of basis functions.

The output is predicted by convolving the stimuli with Arf. The results of
convolution are fitted to the actual time series to determine the five parameters
using a nonlinear least-squares procedure (Levenberg-Marquardt algorithm).

3 Results

The activated areas were detected using the F-test with P < 0.001 (uncorrected).
Similar and consistent activations results of the 8 subjects were found in the
bilateral premotor and sensorimotor areas, SMA and cerebellum. For our focus
is on the spatial and temporal characteristics of HDR, the physiological meaning
of the activated areas will not be discussed here. For the convenience, we will
present results of one subject as an example.

3.1 Spatial Dispersion of HDR

Ten groups of activation results and their evolvement obtained from one subject
are shown in Fig. 1. As can be seen, almost all the areas corresponding to the
motor function are detected when only the first scan of task block is entered into
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Fig. 1. Results of the sequential method with the number of scans varying from
1 to 5 (A) and 6 to 10 (B). In each group, the first row shows the activation
results, the second and third rows show the newly arisen activated areas relative
to the former results and their time series (the global cerebral blood flow has
been removed).

analysis (the first column of Fig. 1A). With more scans included in the analysis,
the newly arisen areas show to be more scattered and their time series are not
so obviously periodic and smooth especially when the number of scans is more
than five. To make it more obvious, we overlap the first four groups of areas
in one map, as shown in Fig. 2. The spatial dispersion of the activated areas,
especially in the contralateral sensorimotor areas, cerebellum and SMA, is very
remarkable, where the new areas are surrounding or nearby the old areas.

The number of activated voxels (normalized between 0 and 1) in each region
of all the eight subjects are shown in Fig. 3. There is a persistent increase until
the first seven or eight scans are entered into analysis, while a slight decrease
when the first nine or all scans are entered. The initial increase is thought to be
a symbol of spatial dispersion of HDR. One may argue that this may be due to
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number
of scans

Fig. 2. The first 4 groups of activation results shown in an overlapped mode.

the increasing of statistical power, and we’ll discuss this argument and the final
decrease later.
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Fig. 3. The number of activated voxels in the main motor areas to the number
of scans. Numbers of voxels have been normalized between O and 1.

3.2 Temporal Characteristic of HDR

Because the first four scans had higher signal to noise ratio (SNR) (as shown in
Fig. 1), the whole time series of areas found active in these scans were extracted
to study the temporal characteristic of HDR.

In each group of resultant activated region of interest (ROI), 100 voxels were
randomly chosen (if there were less than 100 voxels in the ROI, all voxels in this
region were chosen); for each voxel, its whole time series (with the global cerebral
blood flow removed) was extracted. The nonlinear least-squares procedure was
used to determine the parameters and hence the shape of HRF of each voxel.
In Fig. 4, we show the mean HRF of each region. It seems that the temporal
difference of the HRF corresponds to different numbers of scans.
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Fig. 4. The mean HDR of different regions and different scans with the number
of scans in task block changing from 1 to 4.

To test this hypothesis, in the 100 HRFs in each group of results, time to
peak and to undershoot are recorded. Let t,; (i = 1,2,3,4) denote the time
to peak when the first ¢ scans are included in analysis. We then test the null
hypothesis: ¢,; < tp; while ¢ < j using the one-tail t-test, the statistic is denoted
by Ti;. Results are shown in Table 1. It can be seen that if the activated voxels
occurred at least two scans apart, the timing difference is always significant (See
T13, Tha, T24 in Table 1); for the adjacent scans, different regions have different
characteristics: for cerebellum, all timing difference is significant; for BA 1/2/3,
BA 4 and BA 6, difference between t3 and ¢4 is not so significant; for BA 5/7,
difference between t2 and t3 is not so significant.

Table 1. T level of the compared time to peak of regions with different scan
numbers

T level Ti2 T1s T4 Taa Ta4 T34 Praz  Pmin
172/3 (C) 4946 -6.112 -6472 -2.116 -2.038 -0.939 0.184 0.000
4(C) -1.350 -2.343 -2.388 -1.100 -1.140 -0.068 0.472 0.009
6(C) 0.026 -3.028 -3915 -2.944 -3.787 -0.803 0.402 0.005
5/7(C) 1.849 -6.045 -6.856 0.968 0.000

Cerebellum(I) -4.593 -7.595 -5.771 -2.408 -3.524 -2.440 0.007 0.000

Note. T;; is the sample statistic for the null hypothesis: p; < tp; while ¢ < j indicating
the number of scans in task block which are included in analysis. Pmnaz and Pmin are
respectively the maximum and minimum P-value of the sample statistics.
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4 Discussion

The mismatch between blood metabolism and actual neuronal activity makes it
very important to study HDR temporally and spatially. As has been referred to,
the OI technique and event-related fMRI designs do have advantages in studying
the HDR, but the attempt to explore HDR by block design fMRI is also reason-
able: i) block design fMRI is more practical and has higher SNR in activation
detection than event-related fMRI; ii) by supplying multiple trials, sufficient sta-
tistical power and robustness can be obtained. With this understanding a new
data-driven method is presented and applied to empirical datasets. Though the
results were not so perfect, for the coarse temporal and spatial imaging reso-
lution (TR=3s, voxel size=3.75 x 3.75 x 5mm3), some promising results were
found. It’s believed if the imaging resolution were increased, the estimation of
HDR would be more accurate. In fact, EPI method of fMRI can generate images
with the temporal resolution of 25ms and spatial resolution of Imm at most;
and the developing fMRI with high field strength can localize neural activity at
a columnar level (Thompson et al., 2003). Surely great potential remains in the
fMRI experimental design and data analysis.

What is interesting, as has been noted that, the number of activated voxels
increases persistent and then decreases with the peak attained at the seventh or
eighth scan. The initial increase is due to the spatial dispersion of HDR, not the
increasing of statistical power. This could be demonstrated by the significant
temporal difference between the voxels activated in different time (Table 1) on
the basis that the spatial and temporal characteristics are interrelated and this
interrelation would not occur just because of statistical power. The final decrease
is illustrated in a statistical framework. For simplicity, we use the model of ¢-test
(F-test is similar as bilateral ¢-test). As was employed in GLM, the statistical
model is:

T3-crB
= ~tr-p
V2T (XTX) 1e

where ¢T3 is the linear compound of the model parameters, cTﬁ is the estimated
value, 42 is the residual sum of squares after the model estimation, X is the
design matrix, J — p is the effective degree of freedom of the errors. Generally,
with the increase of the degree of freedom, the scope of the region of rejection
enlarges, which makes it easier to reject the null hypothesis, that in SPM, there
is no activation of a specific voxel. On the other hand, the residual error may
not be strictly stationary even with the data smoothed by a Gaussian kernel.
As can be seen in Fig. 1, the time series of newly arisen voxels have more high-
frequency fluctuation, which may increase the estimated sum of residual squares
&2, resulting in a decreased sample statistic, hence it is not significant enough to
reject the null hypothesis. So the final decrease of the number of activated voxels
may be the influence of noise. There seems to be some trade-off in statistical
inference. Further investigation would be beneficial to experiment optimization
and data analysis.

(3)
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Abstract. Reliable estimation of regional cardiac deformation is of great
importance for the clinical assessment of myocardial viability. Given par-
tial, noisy, image-derived measurements on the cardiac kinematics, prior
works on model-based motion estimation have often adopted determin-
istic constraining models of mathematical or mechanical nature. In this
paper, we present a novel estimation framework for motion analysis under
stochastic uncertainties. The main novelty is that the statistical prop-
erties of the model parameters, system disturbances, and measurement
errors are not treated as constant but rather spatio-temporally varying.
An expectation-maximization (EM) framework, in both space and time
domains, is used to automatically adjust the model and data related
matrices in order to better fit a given measurement data set, and thus
provides more accurate tissue motion estimates. Physiologically mean-
ingful displacement fields and strain maps have been obtained from in
vivo cardiac magnetic resonance phase contrast image sequences.

1 Introduction

Noninvasive quantification of heart motion and deformation is of great impor-
tance for the diagnosis of coronary artery diseases. With the recent progress
in magnetic resonance imaging techniques, particularly MRI tagging and phase
contrast velocity imaging, many research and development efforts have been
devoted to the image-based regional function analysis of the myocardium [1].
Typically, sparse frame-to-frame correspondences are first established between
salient features such as boundary and tagging points. With these noisy kinemat-
ics measurements, additional constraining models of mathematical or mechan-
ical nature are then needed to regularize the ill-posed inverse problem and to
obtain the dense field motion fields in some optimal senses [1]. Classical frame-
to-frame strategies include mathematically motivated spatial regularization and
continuum biomechanics based energy minimization while several other devel-
opments impose the all important spatiotemporal constraints to perform multi-
frame analysis throughout the cardiac cycle [3]
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So far, it is typically assumed that the mathematical or mechanical constrain-
ing models are completely known a priori, and are appropriate for the particular
image data. For practical situations, especially those pathological cases, however,
the constraining models require detailed knowledge about tissue properties which
is not only unavailable and is actually the very information one strives to derive
from the images. This issue has imposed a significant limitation on the model-
based image analysis strategies and their applications, and it has been recognized
by a few researchers in relevant areas. An automatic adaptation technique for
the elastic parameters of deformable models is proposed within a Kalman filter
framework for shape estimation applications [6], where the variation of the elas-
tic parameters depends on the distance of the model from the data and the rate
of change of this distance. Similarly, in [8], dynamic finite element refinement
is proposed for nonrigid motion tracking, realized through minimizing the error
between the actual and predicted behavior. We have also presented several al-
gorithms for simultaneous estimation of tissue motion and elasticity, including
the extended Kalman filter [7], the maximum a posteriori (MAP) estimation [4],
and the iterative sequential Hoo filtering framework [5].

In this paper, we present a robust estimation procedure for cardiac dynamics
that is affected by stochastic uncertainties. We differ from previous efforts in
two aspects. First, rather than characterizing the model and data noise parame-
ters explicitly, we deal with the uncertainties from stochastic state space model
point of view, thus allow the introduction of robust filtering method into the
nonrigid motion analysis field. Secondly, while recursive minimum mean-square
error (MMSE) filtering has been widely adopted in earlier works, it assumes
that the disturbances are Gaussian noises with known statistics. In practice,
the noise characteristics are typically set from prior experience, and the per-
formance of the MMSE estimators are highly dependent on selection of the
disturbance covariance matrices. In our current implementation, an expectation-
maximization (EM) estimation procedure is used to derive the best-of-fit between
the model/noise parameters and the given measurement data. Constructing the
myocardial state space models from biomechanics principles, at each time step,
the current estimates of system and noise covariance matrices are used in the
expectation (E) step, and the current estimates of the kinematics are used in
the maximization (M) step. The EM algorithm therefore involves maximization
of the expectation in an iterative manner until convergence, which will alter the
model/noise parameters to better fit the data and thus provide more accurate
motion estimation results.

2 Methodology

2.1 Cardiac Dynamics and State Space Representation

By assuming linear material model undergoing infinitesimal deformation, and
with finite element representation, the myocardial dynamics equation in terms
of the tissue displacement field U takes the form:

MU+CU+KU=R (1)
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where R is the system load, M is the mass matrix, K is the stiffness matrix,
and C = aM + PK is the Rayleigh damping matrix with small a and 3 for low
damping myocardial tissue. The cardiac dynamics can then be converted into a
state-space representation:

&(t) = Asa(t) + Bow(t) (2)
with:

=(t) = [ggﬂ wlt) = [R?t)] Ao = {—Mo‘lK —Ml—lc]’ Be = [g Mo‘l]

Implicitly assuming hidden Markov process of the system, and including the ad-
ditive, zero-mean, white process noise v(t) (E[v(t)] = 0, E[u(t)v(s)’] = Qs(t)d¢s),
we can arrive at the discrete dynamics equation:

Ty41 = Azt + Bwy + vt (3)

with A = e4<T and B = A7 !(eAT — I)B,, where T is the image frame interval.
An associated measurement equation, which describes the observed imaging
data y(t), takes the following form:

yt = Dzy + e (4)

where D is the known measurement matrix that is constructed dependent on
the types of data inputs, and e(t) is the measurement noise which is additive,
zero mean, and white (Ee(t)] = 0, Ele(t)e(s)’] = Ro(t)d:s, independent of v(t)).

2.2 The EM Estimation Strategy

Eqns. 3 and 4 represent a continuous-time system with discrete-time measure-
ments, or a so-called sampled data system, which describe the cardiac dynamics
and the image-derived noisy and partial kinematics measurements. And the aim
is then to recover the complete motion/deformation fields.

Since it is still difficult to reliably measure the material-specific Young’s mod-
ulus and Poisson’s ratio in vivo, the system matrices {A, B} and the noise covari-
ance matrices {Qs, Ro} in the state equations are actually not known a priori,
at least not accurately. For example, if the actual system matrices were actually
{A + 6A, B + 6B}, until now, all aforementioned works are based on {A,B}
alone, without accounting for the existence of {6A4,8B}. And this inexactness
seriously effects the accuracy and reliability of the estimation results. Here, we
will introduce a expectation maximization framework for state-space estimation
which accounts for the statistical variations of the system and noise matrices.

Basic Concepts The initial state z; distribution is assumed Gaussian white
with mean #; and covariance X;:

exp{—3[z1 — #1]7Q; x1 — #1]}
271'% 1211%

(5)

p(z1) =
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Due to the properties of Gaussian, all future states and observations are also
Gaussian distributed. The conditional probability distribution (PDF) of the next
state can be written iteratively as:

exp{—1[z: — Azs_1 — Bw, 1)7Q; [z — Azs_1 — Bwi_1]}

—1)) = 6
p(xtl‘z‘t 1)) 27T§|Qs’% ( )
and the conditional PDF of y(t) given z(¢) is:
exp{—=[y; — Dx;)TR; '[y; — Dz
plulz) = SRl = Dol By Ty - Do) ™

278 |R,|?

where || and |R,| are the determinants of matrix Qs and R, respectively.

Likelihood Function Denote a sequence of kinematics observations yi;.n =
[y1,...,yn] and system states z1:x = [Z1,...,Zn], Where N is the total number of
image frames, x; is the state of all the myocardial points (fixed number) at frame
t, and y; all the observations (varying size due to the time-dependent imaging
data) at frame t. By the Markov property implied by our state model, the joint
likelihood for z1.x and y;:n is:

N N
p(xin, yin) = [ plyelee) H (@t|ze—1)p(21) (8)
t=1 t=2

Therefore, the joint log probability is a sum of quadratic terms:

Inp(z1:N, y1:N) Z( [y — Do) "R7 [y — Dazt])

1
- Z(Q[mt — Az — Bwt_l]TQs"l[:ct ~ Azy_1 — Bwy_1])
=2

1 . _ N N
—5[:61 — &7 Zg ey — #4] — -2—1n|Ro|
N-1 1
— 1n|Qs|_§ln|20|_£V(p—+k_)ln2ﬂ

(9)

The EM Algorithm The EM algorithm consists of two sequential steps: the
E-step which calculates the expectation of the log likelihood, termed the Q-
function, and the M-step which seeks to maximize the Q-function with respect
to some parameter vector € in order to generate a new estimate ™. In our
framework, the parameter vector is © = {4, B, Qs, Ro}.

Conceptually, for the E-step, with all the parameters A, B, (),, and R, fixed,
one estimates the state variable z; then for the M-step, with the value of the
state variable z known (from the E-step), one updates the parameter vector &.
This process is iteratively executed until both 2 and @ reach convergence.
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E-Step: The E-step requires the computation of the expected log likelihood
given the observation y;.x and parameter vector © = {4, B,Qs, Ro} estimated
at the previous step, that is:

Q = Ellnp(z1:n,y1:N)|Y1:N] (10)

Denoting 2, = E[z:|y1.] and V;j; = Var{z;|y1.-], evaluation of the Q-function
requires the computation of the following three expectations:

zyn = Elzi|y1:n] (11)
Pyn = Elzzt|yin] = Vyn + Ty (12)
P,i_1n = Elziz_qly1:n] = Vig—yn + TynTioqn (13)

with P,y and P, ;_yn referred to as the state correlations, and V3 x and Vit-1n
as the state error correlations. The three expectations in (11) to (13) can be read-
ily obtained by running a Kalman smoother (KS), thus allowing the Q-function
to be computed. The standard Kalman smoother can be realized through iter-
ative steps of a forward extended Kalman filter (KF) followed by a backward
smoothing filter.

The operation of the linear Kalman filter adopts a form of feedback control in
estimation: the filter estimates the process state at some time and then obtains
feedback in the form of measurements. As such, the equations for the KF fall
into two groups: time update equations and measurement update equations. The
time update equations are responsible for projecting forward the current state
and error covariance estimates to obtain the a priori estimates for the next time
step, while the measurement update equations are responsible for the feedback.
With initialization zyo = 2; and Vjjp = X, the state estimates and the error
covariance matrices are computed sequentially:

1. Time update equations, the predictions, for the state
Tyjp—1 = ATy_1jp—1 + Bwi— (14)
and for the error covariance

Vi1 = AV i1 A" + Qs (15)

2. Measurement update equations, the corrections, for the Kalman gain
Lt = Vys_1D'(DVyje—1 D' + Ro) ™! (16)
for the state
Ty = Tyjg—1 + Le(yp — Dype—1) (17)
and for the error covariance

Vit = Vije—1 — Le(DVye—1D' + R,) Ly (18)
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Fig. 1. From left to right: the magnitude, x-velocity, and y-velocity MR phase
contrast images; the boundary displacement and mid-wall velocity constraints
(system inputs); and the post mortem TTC staining of the myocardium, with
infarcted zone highlighted.

Further, the backward smoothing part of the KS algorithm can be achieved
through the well-known Rauch-Tung-Striebel smoother [2],:

Ay = Vt—1|t—1A’(Vt|t—l)—l (19)
Ty N = Ty—1jt—1 + A1 (TN — ATs_1j1-1) (20)
Vicyn = Vicip—1 + A1 (Vv — Vipe—1) A4 (21)
Pyn = VN + TynTyn (22)
Vietg—oin = Vicip—1Ai_g + A1 (Vi ionv — AVicaj—1) Ao (23)
Pt N = Vi N T Ty NT_ N (24)
With these KS equations, it is thus possible to derive the Q-function.
M-Step: In the M-step, the Q function is maximized with respect to the
parameter set 8 = {A,B,Qs, R,}. This can be achieved by taking the corre-

sponding partial derivative of the expected log likelihood, setting to zero, and
computing the following:

N

[A™eY, BneY] = Z [Vt,t—lw +TYNT,_y N l‘t|Nw£—1]
t=2
N ’ ’ -1
Z Vicyn + Ty NT_qn Te-1NWEy (25)
= wt——lx;_l“\{ wt—lwé——l
N-1
new __ 1 E ! 26)
Qs - N -1 Z vtvtlyliN (
t=1
new 1 Al ' '
R =5 > (v, — Dzyny) (27)
t=1

3 Results and Discussions

The EM framework is used to estimated the kinematics parameters of the ca-
nine left ventricle described by the cine MR phase contrast image sequence
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Fig. 2. Estimated frame-to-frame displacement direction (top) and cumulative
displacement magnitude (w.r.t. frame #1) maps (bottom): frames #1, #5, #9,
and #13.

(Fig. 1). Also shown is the highlighted regional volume of the myocardial in-
jury zone, which is found from the triphenyl tetrazolium chloride (TTC) stained
post mortem myocardium and provides the clinical gold standard for the assess-
ment of the image analysis results. Myocardial boundaries and frame-to-frame
boundary displacements are extracted using an active region model strategy [9],
and the inputs to the system include these boundary displacements and the
instantaneous tissue velocity information from the phase contrast images.
Estimated displacement and strain maps are shown for selected image frames
in Fig. 2 and Fig. 3 respectively. From the displacement maps, little contracting
motion is observed at the infarct zone (lower right quarter) during the contrac-
tion phase of the cardiac cycle (i.e. frames #1 to #4), which is being pushed
out by increased ventricular pressure generated by the active contraction of the
healthy tissue. The injury zone starts to contract when the normal tissue stop
its contraction (frame #5), and continues while the normal tissue starts to ex-
pand (frames #9 to #10). The expansion at the infarct zone does not occur
until frame #13. Similar observations can be made from the radial (R), circum-
ferential (C), and R-C strain maps, where it is easy to notice that the infarct
region has substantially different deformation characteristics from the other tis-
sues: little deformation in the radial and circumferential directions at all phases
of cardiac cycle, while substantial deformation changes in the shear strain maps.
From the displacement and strain maps, there are consistent signs of myocar-
dial impairment at the lower right quarter of the LV, which agree very well with
TTC staining. This indicates the possibility of using this noninvasive, image-
based motion analysis technique for the diagnosis of ischemic heart diseases.
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Fig. 3. Estimated displacement direction (top) and magnitude maps (bottom),

w.r

.t end-diastole (frame #1): frames #1, #5, #9, and #13.
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Abstract: The relationship between the morphology and blood flow of the
Left Ventricle (LV) during myocardial remodelling is complex and not yet fully
understood. Cardiovascular MR (CMR) velocity imaging is a versatile tool for
the observation of general flow patterns in-vivo. More detailed understanding
of the coupled relationship between blood flow patterns and myocardial wall
motion can be further enhanced by the combined use of Computational Fluid
Dynamics (CFD) and CMR. This permits the generation of comprehensive
high-resolution velocity fields and the assessment of dynamic indices, such as
mass transport and wall shear stress, that are important but cannot be measured
directly by using imaging alone. One of the key drawbacks of ventricular flow
simulation using CFD is that it is sensitive to the prescribed inflow boundary
conditions. Current research in this area is limited and the extent to which this
affects in-vivo flow simulation is unknown. In this work, we measure this
sensitivity as a function of the inflow direction and determine the limit that is
required for accurate ventricular flow simulation. This represents an important
step towards the development of a combined MR/CFD technique for detailed
LV flow analysis.

Keywords: Cardiovascular Magnetic Resonance, Computational Fluid
Dynamics, Left Ventricle Flow. Boundary Condition.

1 Introduction

Heart disease is one of the biggest killers and debilitating factors in the world.
Coronary atherosclerosis leading to myocardial infarction can be immediately fatal in
almost a third of the patients involved. For the survivors, heart failure may follow,
which carries a poor prognosis despite improvements in treatment with modern
techniques. In cases where a heart attack is not immediately fatal, the shape and
function of the ventricles can change over the following weeks and months. This
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natural process of myocardial remodelling first involves the expansion of the infarcted
myocardium, but can continue to affect the adjacent healthy tissue until the overall
structure of the heart is altered. As the condition progresses, the functionality of the
heart can deteriorate. The extent to which this happens can vary considerably between
patients. Understanding the process of remodelling and its relationship with cardiac
function is vital to the understanding of heart failure and the subsequent morbidity
and mortality associated with myocardial infarction.

In general, LV dysfunction involves a number of interrelated events both in
systole and diastole. Each of these factors, including ventricular relaxation, diastolic
filling, ventricular contraction, pericardial restraint and ventricular interaction, is
interrelated to the others in a complex sequence of events. A detailed investigation of
intra-ventricular flow patterns could provide practical insight to the different
relationships involved and facilitate the diagnosis and treatment of LV dysfunction.
Thus far, no single measurement technique is available to offer detailed quantitative
information about the time-dependent LV flow patterns and the impact of ventricular
movements on haemodynamic changes. Catheter-based techniques are invasive and
not practical for widespread application or serial follow-up examinations, whereas
Doppler flow imaging is practically limited by the angle between the flow and the
ultrasonic beam. MR phase contrast velocity mapping is perhaps the most versatile
technique for in-vivo flow measurement but prolonged data acquisition time and
limited spatio-temporal resolution are major limiting factors. In parallel to the
development of non-invasive imaging techniques, CFD has made significant
improvements in recent years. It has been proven to be an effective means of studying
complex cardiovascular dynamics, being able to provide detailed haemodynamic
information that is unobtainable using direct imaging techniques. CFD is concerned
with the numerical solution of a set of partial differential equations that govern the
flow. In practice, the discretized equations are solved by using numerical approaches
within a computational mesh. It is necessary to specify a set of boundary conditions
at the inflow and outflow regions of the flow domain. Once a solution has been
reached, the CFD technique is able to ascertain the velocity and pressure at each grid
and time point within the mesh.

Existing research has so far utilised CFD techniques to simulate blood flow in the
heart with varying degrees of realism. The early computational models developed in
the 70-80’s were confined to 1D or 2D, aimed at examining the global flow patterns,
pressure waveforms and transmitral flow in simplified geometries [1],[2]. These
models were subsequently improved to incorporate more realistic geometries and
fluid/ventricular wall interactions in order to obtain velocity and pressure patterns in
the ventricles, as well as stress distributions within the wall [3-12].

To investigate the sensitivity of the prescribed inflow direction to the CFD results,
a detailed study is performed in this paper with additional flow information that is
directly acquired at the mitral valve using MR phase contrast velocity mapping. A set
of 10 simulations were performed by using a model of a healthy left ventricle. Each
of these simulations utilised different inflow directions. The differences between the
derived flow fields were assessed both qualitatively and quantitatively with that of the
MR results. A further set of simulations were then performed to test the consistency
of these results across 6 normal subjects. For each subject, a set of 5 different inflow
directions were simulated.
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2 Methods

2.1 MR Data Acqusition

Imaging was performed on a Siemens Sonata 1.5T MR system. A multi-slice cine
True-FISP imaging sequence was used to acquire 7 short axis slices at 16 phases
providing complete spatial and temporal coverage of the LV. Each slice was acquired
in a single 20 second breath-hold so as to minimize registration errors caused by
respiratory movement. MR flow imaging was used to aid the prescription of the
inflow boundary conditions and to validate the CFD simulations. To this end, a phase
contrast velocity mapping sequence was used to acquire two long-axis images. The
first long-axis image was oriented to pass through both the inflow and outflow tracts
whereas the second was set to be in the orthogonal direction passing through the
inflow tract. For each acquisition, all three orthogonal velocity components of
velocity were obtained. Due to the length of the imaging time required, the three
velocity components were acquired within separate breath-holds. As with the
morphological image acquisition, retrospective cardiac gating was used to specify the
acquisition of 20 phases across the cardiac cycle. The average inflow velocity was
measured for all phases during the filling of the left ventricle. An elliptical region of
3cm? was delineated in each phase of the cardiac cycle. This region was located just
within the left ventricle and adjacent to the mitral valve plane. Care was taken so that
the regions only contained blood but not flow artefacts or the valve leaflets. The
average of each velocity component was then measured to prescribe the inflow
boundary conditions for the ventricular flow simulation.

2.2 Ventricular Modelling

The ventricular models utilised two surface meshes to represent the endocardial
border of the LV. The first of these meshes delineated the inflow tract and the main
body of the ventricle, whereas the second represented the outflow tract. The cavity of
the LV was considered to be the Boolean union of the volumes enclosed by the
meshes. Points within the meshes that lay beyond the mitral or aortic valve planes
were discarded so that the extent of the flow domain was limited to the ventricular
blood pool. To allow for an accurate CFD simulation, it was necessary to prescribe
the wall movement of the LV at a higher temporal resolution than that could be
acquired using the CMR imaging technique. For this purpose, Catmull-Rohm spline
interpolation was used to create intermediate meshes, resulting in a total of 49 time
frames over the cardiac cycle. The volume mesh generation scheme was complicated
by the incorporation of the dynamic valve planes. For some subjects, it was necessary
to raise the position of the valve plane by lcm in the direction of the left atrium. This
ensured that none of the constituent cells demonstrated a negative volume or
underwent excessive deformation.
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2.3 CFD Simulation

The Navier-Stokes equations for 3D time-dependent laminar flow with moving walls
were solved using a finite-volume based CFD solver CFX4 (CFX international, AEA
technology, Harwell). The blood was treated as an incompressible Newtonian fluid
with a constant viscosity of 0.004 Kg/(ms). The simulation started from the beginning
of systole with zero pressure defined at the aortic valve plane while the mitral valve
plane was treated as non-slip wall. At the beginning of diastole, the aortic valve was
closed by treating it as a wall, whilst the mitral valve plane was opened by using a
combination of pressure and velocity boundaries[13]. A plug velocity profile was
assumed at the flow boundaries. The inflow direction was determined by the mean
transmitral velocity vector obtained from the MR velocity measurements. The
simulation was repeated for four cycles to reach a periodic solution. The results
obtained in the fourth cycle are presented here.

The first experiment measured the sensitivity of the CFD simulation to the
direction of the inflow for a single healthy subject. Firstly, a simulation was
performed by using the average inflow direction measured from the MR velocity
images. A further 4 simulations were then performed with the inflow direction
modified by 5 degrees in each of the 4 orthogonal directions A’, P’, I’ and S’ as
defined in the figure 2 (left graph, second row). These 4 simulations were then
repeated with the original inflow direction modified by 10 degrees. In order to
indicate the sensitivity of simulation at even greater angles, two further simulations
were performed with angles of 15 and 20 degrees in the direction A’.

The second experiment evaluated the sensitivity of the technique across a further 5
normal subjects. This was designed to examine the reproducibility of the results
obtained from the first experiment. A total of 5 simulations were performed for each
subject. The first of these utilised the average inflow direction measured from the
MR velocity images. This was then followed by simulations with 5 degrees of
variation in each of the 4 orthogonal directions.

2.4 Validation

The sensitivity of the simulation process was evaluated by comparing the flow fields
generated using the measured inflow direction to each of those generated using a
modified inflow direction. To provide quantitative comparison, two parameters that
characterised the difference between pairs of 3D flow fields were calculated. The
parameters were based on the mean variation in direction and magnitude between
their constituent velocity vectors. It was investigated how these parameters varied as
a function of the prescribed inflow direction. This gave an indication of the precision
with which the boundary conditions should be specified in order to perform
reproducible ventricular flow simulations.
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3 Results

Figure 1 demonstrates the typical correspondences between the simulated ventricular
flow and that measured by using MR imaging. Two orthogonal planes are presented
for each of the techniques which are anterior-posterior (A’-P’) and Inferior-superior
(I’-S’) as defined in figure 2 (left graph, second row). The length of each arrow is
proportional to the magnitude of the in-plane velocity. It can be seen that the flow
fields have a similar overall topological structure but regional differences are evident.
Both flow fields consist of an inflow jet directed into the expanding ventricular
cavity. The direction of this jet is the same for both techniques as the measured
inflow velocity is used to prescribe the boundary conditions. The discrepancy in
absolute inflow velocity is due to the fact that only the inflow direction rather than the
absolute value is constrained. Overall, the flow fields measured by using MR velocity
imaging had a higher complexity than those derived by simulation. For example,
regions containing small vortices were often present in the measured flow fields but
not in the simulated results. These regions were typically located adjacent to the
inflow tract and around the papillary muscles. This is not surprising as detailed
anatomical structure in these regions was not modelled.

{33 MR

AP

Figure 1: A comparison of flow fields obtained by MR velocity imaging and CFD simulation.
For both techniques, two cross sectional velocity maps are displayed to characterise the 3D
nature of the flow. It is evident that, although the CFD simulations are not fully realistic, they

can produce flow fields with a similar overall topology as those measured by in-vivo imaging.

Two parameters were calculated to quantitatively characterise the differences between
pairs of flow fields generated by CFD simulation. The first of these was defined to be
the ratio of the velocity magnitudes for corresponding points within each flow field.
This value was averaged for all points within the ventricular volume. It has been
displayed as a function of the cardiac phase within the first row of Figure 2. The
cardiac phase has been normalised so that the value 0.0 corresponds to the opening of
the mitral valve leaflets and 1.0 represents end-diastole. The second parameter, which
is demonstrated in the second column, was defined as the mean angle between
velocity vectors at corresponding points within each flow field. It is evident that, in
general, the values of both parameters increase throughout each simulation. This is to
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be expected due to the lower average flow velocity at later diastole. Of greater
importance however, it is demonstrated that the values of both of the parameters
increase as a function of the inflow angle. This dependency characterises the
sensitivity of the simulation to the inflow angle. Figure 3 shows the consistency of
the simulations over 6 normal subjects. Each graph characterises the differences
between the simulations performed with the measured inflow direction and those
performed with a modified inflow direction. For the figures in this paper, the
differences between the 3D flow fields are represented by the mean percentage
difference in the velocity magnitudes. It can be seen that, for all subjects, the
measured differences between the flow simulations lie within a tight range of 5% to
22% and the simulation were most sensitive to changes in the direction A’.
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Figure 2: The variability of flow fields generated by CFD simulation. Each graph shows the
differences between the flow fields that were generated using the measured inflow direction
and those that utilised a modified inflow direction. The two rows show the variation in the
mean difference ratio in the velocity magnitude and the mean difference in the angles between
corresponding velocity vectors. The orientation parameters A’, P’, I’ S’ are defined in the left
graph second row.
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Figure 3: A demonstration of the sensitivity of the flow simulations to the inflow direction for
6 normal subjects (six lines in each graphs). The four graphs represent the different ways in
which the inflow direction was modified. x-axis and y-axis correspond to normalised time and
mean difference ratio respectively. It can be seen that, in general, the simulations were most
sensitive to changes in the direction A’.
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4 Discussion and Conclusions

This study has evaluated the sensitivity of ventricular flow simulations to changes in
the inflow direction. The aim of this work was to establish how accurately the inflow
boundary conditions must be specified in order to give reproducible simulations. It
has been shown that changes to the inflow direction of 5 degrees do not significantly
affect the flow topology. These changes do bring about slight differences between the
magnitudes and directions of the corresponding velocity vectors however. Changes
of 10 degrees or more did produce flow patterns with an altered topology. The
differences between the velocity vectors were also substantial. It is therefore
concluded that, if the topology of the flow is to be assessed, it is necessary to specify
the inflow direction within an accuracy of 5 degrees. For detailed quantitative
assessment, however, the inflow direction needs to be specified with as high an
accuracy as possible. This is a significant finding in that it suggests that for qualitative
flow pattern analysis, some of the rapid imaging techniques such as 3D echo
combined with Doppler velocity mapping could be used to provide adequate
boundary conditions for patient specific flow simulation. The finding also justifies
the importance of using MR velocity mapping for providing detailed inflow boundary
conditions for accurate quantitative analysis.

In the current study, the plug profile specified for the ventricular inflow is a
simplification of the complex flow through the mitral valve. Although it is beyond the
scope of the current study to prescribe this profile to a greater accuracy, it would be
possible to acquire the relevant data using MR velocity imaging. Two different
imaging schemes could be utilised to produce detailed 2D velocity profiles of the
inflow region. Firstly, a set of 1D profiles could be acquired from different long-axis
images and then interpolated in a radial direction to produce a complete 2D profile.
Alternatively, a more sophisticated imaging sequence could be developed to track the
mitral annulus throughout the cardiac cycle. This would provide a plane with an
approximate short-axis orientation, which had a variable position and orientation over
time. This second scheme would provide a more uniform and comprehensive
measurement of the velocity profile.

There are a number of anatomical features of the ventricle that have not been
modelled for this study but are likely to play a critical role in the development of
blood flow patterns. The most important of these are the mitral valve leaflets. These
highly dynamic structures directly control the flow of blood and are therefore likely to
make a large difference to the flow simulations. Another significant improvement
would be the incorporation of the left atrium and its inflow tracts. This would enable
the inflow boundaries to be moved away from the ventricular cavity. As such, the
flow of blood within the ventricle would become less sensitive to inaccuracies
introduced by the boundary conditions imposed. Finally, the internal structure of the
ventricle is significantly more complicated than the simplified geometry used in this
study. The papillary muscles and the trabeculations form an intricate and dynamic set
of structures that both obstruct and promote the flow of blood. It is necessary to
investigate the detail with which these features must be modelled such that the
simulated flow fields are not significantly affected.
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Abstract. A hybrid 3D segmentation approach is proposed in this paper to
perform a physical beating heart modeling from dynamic CT images. A
Morphological Recursive Erosion operation is firstly employed to reduce the
connectivity between the heart and its neighborhood; then an improved Fast
Marching method is introduced to greatly accelerate the initial propagation of a
surface front from the user defined seed structure to a surface close to the
desired heart boundary; a Morphological Reconstruction method then operates
on this surface to achieve an initial segmentation result; and finally
Morphological Recursive Dilation is employed to recover any structure lost in
the first stage of the algorithm. Every one of 10 heart volumes in a heart
beating cycle is segmented individually and finally aligned together to produce
a physical beating heart model. This approach is tested on 5 dynamic cardiac
groups, totally 50 CT heart images, to demonstrate the robustness of this
technique. The algorithm is also validated against expert identified results.
These measurements revealed that the algorithm achieved a mean similarity
index of 0.956. The execution time for this algorithm extracting the cardiac
surface from a dynamic CT image, when run on a 2.0 GHz P4 based PC
running Windows XP, was 36 seconds.

1 Introduction

Cardiovascular disease becomes one of the leading causes of death for both men and
women in the worldwide. However, characterization of myocardial deformation
during the systolic contraction is a fundamental step toward understanding the
physiology of normal heart and the effects of cardiovascular disease. This effort can
lead to more accurate patient diagnosis and potentially reduce the morbidity. An
accurate physical beating heart model, which represents all the features of the heart
deformation, is considered as a fundamental procedure for cardiac deformation
analysis and diagnosis.

Fast and accurate segmentation of a heart volume is a basic operation to perform a
physical dynamic cardiac modeling. There are several segmentation algorithms
described in the literature to facilitate cardiac image visualization and manipulation
[1]-[5]. Most of the researchers paid their attentions to the left and/or right Ventricles
from cardiac MRJ images [2]-[S]. Some of them performed in 2D manner and the
computing time were rarely mentioned. However, the deformation inspection of the
whole heart volume including myocardium is also very important for cardiovascular
disease study and endoscopic or minimal access cardiac surgical simulation.

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 237-244, 2004.
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A new 3D hybrid segmentation algorithm is proposed here to segment and model a
complete beating heart from dynamic cardiac CT images, which operates in a
multistage manner to perform segmentation rapidly and precisely. Both the computing
time and accuracy of the proposed approach are measured here. This study is
improved from our previous researches [6,7].

The rest of the paper is organized as follows: in section 2, we present a brief
review and improvement of fast marching method and morphological reconstruction
techniques, and propose our multistage hybrid segmentation algorithm. We
demonstrate this algorithm and present a validation experiment in section 3. The
robustness and accuracy of our approach are discussed in section 4.

2 Multistage Hybrid Segmentation Approach

2.1 Level Set and Fast Marching

The level set method [8] is an interface propagation algorithm. Instead of tracing the
interface itself, the level set method builds the original curves (so-called front) into a

level set surface ¢ (a hyper surface), where the front propagates with a speed F in its
normal direction. To avoid complex contours, the current front @x,y,t=i) is always

set at zero height ¢=0. Hence, the level set evolution equation for the moving hyper
surface can be presented as a Hamilton-Jacobi equation:

¢+ F|Vgl=0 M

The fast marching method [8] is a special case of the Level Set approach. Suppose
we now restrict ourselves to the particular case of a front propagating with a speed F,
which is either always positive or always negative. This restriction allows us to
simplify the level set formulation. If we assume 7(x,y) be the time at which the curve
crosses the point (x,y), as shown in Fig.1, the surface T(x,y) satisfies an Eikonal

equation where the gradient of surface VT is inversely proportional to the speed of
the front F:

VT |F =1 )

The fast marching method is designed for problems in which the speed function
never changes sign, so that the front is always moving forward or backward and the
front crosses each pixel point only once. This restriction makes the fast marching
approach much more rapid than the more general level set method.

With respect to rapidly computing a segmentation result, we employ the fast
marching method in our approach to perform the initial propagation of a contour from
an user-defined seed to an approximate boundary. However, the traditional fast
matching method is hard to control overflow when the front propagates near to the
contour boundary in many cases. An improved speed term is introduced into our
approach, which is based on a global average image gradient instead of many local
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gradients. This global speed term can efficiently stop the entire front when most part
of the front tends to stable. We applied it to the front speed function at (2):

A Y VG (x,y.)

F(x,y,z,t)=F(x,y,2).e Vet A>0 (3)

where G_x1 denotes the convolution of the image with a Gaussian smoothing filter

with standard deviation ©. V and N stands for gradient operation and total number of
points in the front, respectively. A is a positive constant.

[ T(xy)

Fig.1 Fast Marching method. T(x,y) demonstrate the time at which the curve crosses
the point (x,y).

2.2 Morphological Reconstruction

Mathematical morphology is a powerful methodology for the quantitative analysis of

geometrical structures. We employ recursive erosion, dilation and morphological

grayscale reconstruction techniques in this research. They are defined below:
Recursive Dilation:

i F ifi=0
F®K= i-1
(FOK)®K if izl
Recursive Erosion: “
. (F if i=0
FoK= i1
(FeK)oK ifix1

)



Scan Line

Fig.2 Morphological Reconstruction in grayscale where regions in marker image are
used to select regions of the mask image to be reconstructed.

Morphological Reconstruction:
B=(B.,®,N|fl, (BeR,i=12.) (6)

In the above, i is a scale factor and K is the basic structuring element (e.g. 1 pixel
radius disk). @ denotes a dilation operation in grayscale, and | f'|, represents the

mask of the operation, achieved via a threshold operation using a gray level G. The
iteration in (6) is repeated until there is no further change between g and B,.

Recursive Erosion is employed here to reduce connectivity of objects from
neighboring tissues while Recursive Dilation recovers the region lost during the
reduction after the objects have been totally segmented. Each step employs the same
number of iterations N.

Morphological Reconstruction is a very accurate and efficient tool for recovering
the object on a pixel-by-pixel basis. The seed, which results from the output of the
fast marching algorithm, is recursively grown under the supervision of the mask until
it converges to a stable shape. Morphological reconstruction operations on a grayscale
image are depicted in Fig.2.

2.3 Segmentation and Modeling Approach

The proposed 3D segmentation and modeling algorithm is a multistage procedure,
comprising 5 major stages:

Stage 1. Reduce the connectivity between the object region and the neighboring
tissues. Recursively erode the input 3D image using a structuring element base (e.g. a
sphere with 1 pixel radius) until the desired object region is completely separated
from the neighboring tissues. Record the iteration number i for later use in stage 3.
This stage is designed to prevent overflow during the propagation in stages 2 and 3.

Stage 2. Perform initial evolution of the front. The improved fast marching method
is employed here to initially propagate the user-defined seed to a position close to the
boundary without overflow. It performs rapidly, typically less than 10 seconds for a

256x256x100 volume, running on a 2.0 GHz P4 based PC.
Stage 3. Refine the contours created in stage 2. Since the speed function in the fast

matching method falls to zero sharply, the front could stop a few voxels away from
the real boundary. Here, a gray scale morphological reconstruction algorithm is



Dynamic Heart Modeling Based on a Hybrid 3D Segmentation Approach 241

employed to refine the front as a “final check”. The output from stage 2 is employed
as a marker, while the original image is used for the mask.

Stage 4. Recover the lost data elements from stage 1. During the recursive erosion
in stage 1, part of the object (usually around the edges) is also often eliminated. To
recover these lost components, the recursive dilation method is employed. The
reconstructed object surface is dilated recursively using the same number of iterations
i as recorded in stage 1, which results in the recovery of the object surface to the
“original” position, ensuring a highly accurate result.

Stage 5. Model the beating heart. Finally, a series of dynamic CT volumes
involving in a cardiac cycle (totally 10 sets in our experiments) are segmented
individually, and the resultant heart volumes are visualized and animated by either
surface or volume-rendering methods.

3  Experimental Results

A segmentation environment, ‘“TkSegment”, is developed based on the Visualization
Toolkit (VTK) and the Python language, into which the multistage hybrid
segmentation and modeling algorithm was integrated.

The source data employed in our experiments include 50 CT datasets from heart
studies. Five groups of canine CT datasets were employed for the cardiac modeling
study. Each was a dynamic volume, acquired with a gated acquisition technique on an
8-slice GE helical CT scanner, consisting of 86 slices at each of 10 equally spaced
snapshots during the cardiac cycle. The images were each 512x512 pixels
(0.35mmx0.35mm), with an axial spacing of 125 mm. One example of them is
shown in Fig.3 (a).

The proposed segmentation and modeling algorithm was applied to these 50
volume datasets. A 2.0 GHz P4 based PC running MS-windows XP was employed to
run the segmentation. The results of these experiments are described below.

o ® o o

Fig.3 An example of the cardiac images. (a) source data; (b) highlighted segmented
heart region. In both (a) and (b), left: ortho-planar view; right top to bottom: axial,
sagittal and coronal views.
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3.1 Case Study

Five dynamic CT scans of beating hearts, each containing ten individual volumes
throughout the cardiac cycle, were employed in this study. Each of the 10 images was
segmented individually. An example of the segmented results is shown in Fig.3 (b).

The average segmentation time for one of these volumes is 155 seconds, which is
not fast enough due to the additional time required to segment the blood vessels.
However, if the blood vessels are removed early in pre-processing, computational
time reduces dramatically to 36 seconds.

The segmented heart volumes were visualized using a Ray Cast volume rendering
method and animated to produce a physical cardiac beating model. One set of the
heart volumes during a cardiac cycle is shown in Fig.4.

Fig. 4 Segmentation results. 1-10: segmented heart volumes during a cardiac cycle.

3.2 Validation

The segmentation results on the 5 experimental datasets were examined by eye, and
deemed to be sufficiently accurate.

To quantify the segmented results, we used the similarity index definition
introduced by Zijdenbos[9], where manually traced contours were employed as the
gold standard. An average similarity index of 0.956 was obtained from the heart
segmentation study.

4 Discussion

This approach achieves highly accurate segmentation results for the input datasets.
Our method identifies and reconstructs the structure of the organ for high quality
visualization across a variety of conditions, even in the imperfect world of routine
clinical-quality images. Additionally, we believe that it represents the first near real
time, full 3D segmentation approach.
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Robustness of the multistage hybrid segmentation approach was tested by 5 cardiac
datasets in dynamic CT modality. No failed segmentations were reported even in low
quality clinical images. Based on our test using VTK build-in algorithms and running
in the same computing environment, morphological operations alone require 9
minutes to segment a individual heart volume. Compared to existing segmentation
algorithms, our new approach represents a significant improvement.

The hybrid approach has been optimized for 3D volume segmentation. It combines
the speed advantage of model-based methods with the high accuracy of region-based
methods, resulting in an algorithm that is both fast and accurate. Over all our
experiments, segmentations achieve a mean similarity index of 0.956.

The physical beating heart models were finally produced using the segmented
cardiac volumes. The animated beating heart can represent the features of
deformation of the heart during a cardiac cycle.

5 Conclusion

A new fully 3D medical image segmentation and modeling approach was described
using a fast multistage hybrid algorithm. The algorithm takes advantage of the speed
and accuracy of both model-based and region-based segmentation methods. It was
tested on 5 dynamic cardiac CT datasets, demonstrating excellent segmentation
results. Quantitative validation demonstrated an average similarity index of 0.956.

While the procedure currently requires a minimal user-interaction to place seeds,
we propose to improve the algorithm to make it fully automatic. We are considering
the morphological Top-hat transformation [10], which can extract regions of high
intensity of similar size to the objects to be segmented. The detected regions can then
be employed as initial seeds. However, this step is still quite computationally
expensive, and we therefore chose not to use it in our current work.
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Abstract. Tag tracking is a pre-step to heart motion reconstruction. In this
paper, we present a new tag tracking method based on Bayesian statistical
approach. our method works on the basis of tracking with the active grid model,
it builds the Markov Random Field (MRF) model according to the prediction of
the position of the grid node, and classifies the nodes into two categories
considering whether they are in the left ventricle using the EM algorithm. then,
different prior distribution and likelihood function are designed for different
sorts. The iterated conditional modes (ICM) are utilized to maximize the
posterior estimate. The method was validated on several sequences of cardiac
systole MRI images. Experiment shows that the method can accurately track the
SPAMM tag lines without manually outlining the myocardium, and the grid
model can keep its topology during tracking process.

Keywords: Markov Random Field, tag stripes tracking, Bayesian theory.

1 Introduction

Tagged magnetic resonance image is an important non-invasive method in the
community of cardiac motion analysis in recent years. In this paper, the cardiac MRI
images tagged by SPAMM (Spatial Modulation Magnetization) pattern are used.
SPAMM can bring out a group of spatial tag planes at cardiac end-diastole. The tag
planes are perpendicular to image planes, and the black cross lines of those planes are
tag lines (see Fig.2 (a)). Because the tag lines move along with the motion of the
tissue, their deformation can represent the tissue motion in image plane.

Using active contour model (Snake) to track tag is popular method in recent years
[2-4]. This kind of method divides the tags into two stacks according to directions,
and tracks the tag lines one by one in each stack. We think the method based on
Snakes suffers from the following two drawbacks: first, it is difficult to exactly set the
parameters of every energy terms; in [3], Kumar set different inter-energy parameters
at tag intersections to prevent the snake bend, second, most cardiac motion
reconstruction algorithms only need the motion information of tag intersections, but
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methods using Snake can’t get those points’ motion information directly. Using grid
model to track the SPAMM mesh can regard the grid as the prior shape, and directly
track the tag intersections according to the grid nodes, so the methods using grid
model outperform those using Snake.

Amini used the coupled B-Snake grids to track tag [5]. The algorithm designed the
energy of the B-Snake grid intersections and image energy of B-spline, and tracked
tag by minimizing the total energy. But the algorithm encountered two difficulties in
implementation: first, the algorithm needs to outline the endo- and epi-cardium in
each frame by hand; second, the grid model doesn’t take into account the connection
between nodes, which makes the model fail to punish excessive deformation and
maintain the topological shape.

We propose a new tracking method based on Bayesian probability theory which
calculates the new grid nodes’ coordination to track the tag grids by maximizing the
Bayesian posterior probability. We classify the nodes into two categories due to their
position in the ventricle or tissue. In this method, the position of each node in the
second frame is forecasted, then we classify them using MRF model and EM
algorithm. We design different energy functions for each category of nodes according
to their function in tracking process, which can make the nodes in the ventricle moves
along the nodes in the tissue, while not affecting the nodes in tissue to track the tag
intersections. We also take the MRF property of the grid model into account, so our
method can retain the topological shape during tracking process.

2 MRF Grid Model to Track Tag

Geman [6] gave MRF image model and utilized it in image restoration in 1984. The
nodes in grid model only correlate with its adjacent eight nodes and connected lines,
so the grid model bears the MRF property that a node only correlates with its
neighborhood. We use the MRF model to estimate these nodes’ coordinate to track
the tag grid. S={s,|i=1l,.,n} is the node set of the grid model,

L={l,lieS,jeS,i< j}isthelineset, l,.,j is the line connecting nodes S, and

S;. @=A{q,|i=1,.,n}is the coordinate set, g;is the coordinate of the node
S;.a={a,|i=1,.,n}is the sort of the node. L={|I=1,~-1} a,eL, a,=-1denotes
node §; is in ventricle, otherwise ¢, = 1. We can get the function AQ|Y)«c Y| QPO

based on Bayesian theory, Y is an image observation. The nodes’ coordinate can be
calculated by MAP: ¢ = aromax P(Q| ¥)-
Qo

Because of the Markov property that the prior distribution of a site only correlates
with its neighborhood, and Hammersley-Clifford theorem that a MRF can
equivalently be characterized by a Gibbs distribution, the prior distribution can
characterized by a Gibbs distribution as follows:

P(Q) < exp(-U,(Q)> U, (Q) = %z V.(g,iec)

ceC
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where Z is a normalizing constant called the partition function, {7 is a prior energy

function, and cis a clique. In this paper, we only consider two-point clique and two-
order neighborhood of the grid model (see fig.1). We divide the cliques into two sorts
¢, ande,, , according to whether there is a grid line between two nodes of the clique,

and design different clique potential energy function yp for them. The potential
energy function is also different for nodes in the tissue and ventricles.

Fig. 1. Two-order neighborhood of grid model

2.1 Clique Potential Energy for Nodes in Tissue

According to the image protocol, the ratio of the tag length to the tag width is small,

and the deformation of the tag is within £10°. When the adjacent nodes in tissue
exactly track the tag intersections, we can consider the line between the two nodes is
exactly on the tag. Because the grayscale of the tag is low, and the model shape
should be maintained during the tracking process, we design the clique potential
energy of node in tissue as below:

2
p(.,)- bl p(1,)-D(,
v, <UD DEN e 14, 7,00~ L0 28
where D(l, ) is the length of line l.,» mean ( I( [i)j))ls the mean intensity of the line

L l,-o,- means the undeformed line between nodes §; and § i and O, is the

deviation of the line length which set the region where the length can change.

2.2 Clique Potential Energy for Nodes in Ventricle

The shape of the ventricle particularly changes during cardiac deformation. If
completely ignoring the energy of the nodes in ventricle, the nodes will not change
their positions by minimizing energy, which will also influence the motion of the
nodes in tissue. Based on above analysis, we consider the nodes in the ventricle
should satisfy two requirements, first, they can change positions follow the motion of
nodes in tissue, second, their motion can’t change the grid model’s topological shape.
Smoothness assumption of the optical flow field viz., the optical flow changes
smoothly in most of the regions in image plane. Utilizing this assumption and MRF
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model, we can make the nodes in ventricle have the approximately similar motion-
vector (optical flow) as the adjacent nodes. We design their potential energy as:

(2(.,)-2 ) Vv

2O'L2 20'\,2 ’andVi = qioqi v oe={c,0p)

+ (“f; 1)mean(1(1i’j))

where y,,p are the motion vectors in nodes S; and s, respectively, g is the initial
i yi i

Vc(iaj)=

position of the node §; in the frame, oy is the deviation of the motion vector. When

the adjacent point is the node in tissue, the mean intensity of the line between them
should be calculated, because the partial tag line between them also should be tracked
exactly.

Right ventricle]

Left
. veniricle

(a) The second frame of the first image plane. (b) Classification result and forecasted grid of the (a).

Fig. 2. Result of forecasted grid and classifying nodes

2.3 Likelihood Function of the Model

Likelihood function P(Y | Q) represents the probability of observation Y when given
the coordination Q of the grid model. Only tracking the tag intersections, we define

the likelihood function as the probability that positions of intersections are the
coordinates of the grid nodes.

Fisher [7] and Kraitchman [8] all utilize cross-correlation algorithm to detect tag
intersections. We use the profile template of tag line [9], and spread the profile in two
imaging direction to get the tag intersection template f'. We can set the likelihood

function as:
N

"N )
P(Y‘Q)Wexp(—UL),ULzz": MNCIES) glfk «(4,)

i=1 2 . ||f'||||Nk(qt)||

where y, is the likelihood energy, the term behind the sign “- is the simplify cross-
correlation function, (g, +1)/2 shows that the likelihood energy only be calculated in
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tissue-nodes, N is the size of the intersection template. A correlation result can be

seen in Fig.2. To track the tag intersections, we need to look for the coordinate of
grid nodes to minimize the total energy.

3 Classify Nodes of Grid Model

In order to automatically track the tag grid without needing outlining the contour of
myocardium, we classify the nodes into two sorts due to in ventricle or tissue. The tag
is added to the heart at end-diastole (the first frame), so the tag is almost undeformed
in the first frame. The blood flow in the ventricle fetches the tag pattern away, so the
tag in ventricle will disappear in the followed frames (see fig.2 (a)), while the tag
intersections in tissue will not disappear. We can classify the nodes in the second
frame: first, forecasting the exact position of the nodes, then, classifying the nodes by
utilizing the image feature and the MRF model. The result of classification will be
used in the followed frames without changed.

Referencing Zhang’s algorithm to segment the brain MRI image [10], and only
considering the image feature in the grid nodes, we design the classifying method.
We can estimate the sort by MAP: 5 _ 41 max P(¥ | a)P(a)-

asQ)

1) Likelihood Function
Taking the two independent observations ofimage ¥, and Y, into account, we can

get the equation: P(Y |a)= P(Y, |@)P(Y, |a)-
The Gaussian likelihood distribution:

P la)= H f(,07) ’f(yj’i,af)zx/—;__—exp[_[yyz_—/f’J _1og(af )J
i=l T O'j‘

where j = 1, 2 represents the sort of the observations, i = 1,..., n is the subscript of

the nodes, and if the Gaussian emission function is assumed for the observable
random variable Y] , the mean and standard deviation of each Gaussian class are the

! 7 !
parameters, so that ¢/ = ( i, 0',)-

2) Prior Distribution
MRF model can take the spatial information into segmentation algorithm.

Considering the two-order neighborhood of grid model (see fig.1), we design the
prior distribution as:

N

\ ) 1 Y
P@)=][P(llay)=exp(-V@) U @)= B 3. (-aa,)

i=l i=1 EN

where N, is the two-order neighborhood of node ; .

3) Parameter Estimation
Because the parameter #is unknown, we use the EM algorithm to estimate the
parameter. Directly combining the E step (Calculating expectation) and the M step
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(Maximizing the expectation to get new parameter estimation), we can gain the
iterative equation of the parameter:

(w1} SR ), P ()00 m)
u = _i= — = i=| .
] S P (11y,52) S P (1)
i=1 i=t
Hf (y/.,i,e})l’(lla,,,’_)

42 .
Py ,)
By analyzing the image feature in the tag intersections, we define the observable
random variables ¥, ; ¥, ; as:

J

where p (l i yl,i’y2-i) =

N
> N9
Vi = k=l.—
o VA [ AR

where ¥, ; is cross-correlation of the tag template with the region that the center is the

> Y= D(Nk(qi))

node §; and the size is N (see the Chapter 2.3 ). Va is the intensity deviation of the

same region. Fig.2 (b) is the classification result of Fig.2 (a), in which the nodes in
tissue are labeled in black, and the others (nodes in ventricle or lung) are white. We
can see all the nodes are classified exactly, except for four black nodes in the left
bottom of the figure.

4 Experiments and Conclusion

For each image plane, we only apply our method to temporal images acquired during
systole, and use the first frame of every slice to form the initialized grid model.
Because of the tag pattern added to the heart at end-diastole, the tag lines in first
frame are almost undeformed, and vertical to each other in two tag directions. We can
project the intensity in two tag directions in the ROI (region of interest) of the image,
and approximately locate the position of the tag lines by looking for the valley of the
projection, so we can automatically initialize the grid model in the first frame.

4.1 Result of Experiment

The heart images used in the experiment are acquired with the Siemens 1.5 T clinical
MR system. The image acquisition matrix dimension is 280x256 with a pixel size of
l4x14mm® while the slice thickness is 6mm. The reference frame is taken at end-
diastole(ED), and there are 16 time-frames in each cardiac cycle. Because the tag grid
in diastole process is too blurry to track, we only track tag during systole period. The
whole task only needs giving region of interest, then, it can be automatically
performed. In Fig.3, we give the result of applying the Amini’s algorithm and ours to
the same frame, which indicates that our method can restrict the distances of adjacent
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nodes and exactly track the nodes without outlining myocardium. For Amini uses the
four-order B-spline grid, if one node’s coordinate is changed, nearly the total energy
needs to be recalculated, and our method only needs to calculate the changes of the
energy of one node, so the time complexity of our method is lower. Tracking one
frame by Amini’s and our method take about 1220s and 100s respectively(MATLAB
6.5, PIII 1G, 256M Cache).

We estimate our algorithm by comparing our result with manually given
intersections’ positions. We calculate the distances between corresponding nodes, and
use the mean distance to evaluate the tracking error. In Fig.4, we present the error(s)
calculated from all the SA data.

4.2 Conclusion

We design a new method to track the tag in cardiac MRI image based Bayesian
theory. The method takes the spatial connection of grid nodes into account, so the
model can keep its shape during tracking process; we design different Bayesian prior
probability and likelihood function, which can make the nodes in ventricle or cage
move with those in tissue; the method classifies the grid nodes automatically, so we
don’t need to manually segment the myocardium.

Falsely
tracking Exactly

tracking

(a) The result of Animi’s; (b) The result of our method.

Fig. 3. Result of tracking tag in the last frame of the second slice.
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Fig. 4. SA tracking result compared with manually labeled tag intersections.
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Abstract. An algorithm to segment the intracranial compartment from PD-weigh-
ted MR images of the human head is described. If only a T1-weighted dataset is

available for a given subject, an artifical PD-weighted dataset is computed from

a dual-weighted reference by non-linear registration of the T1-weighted datasets,

and the intracranial compartment is segmented from this artificial dataset. The

performance of the algorithm is evaluated on the basis of 12 dual-weighted data-

sets with an average volume difference of 2.05% and an average overlap (Dice

index) of 0.968.

1 Introduction

Skull growth occurs along the suture lines and is determined by brain expansion, which
takes place during the normal growth of the brain [9], [19]. Thus in normal adults, a
close relationship between the brain size and the intracranial volume (ICV) is expected.
This relationship is used to estimate the premorbid brain size in degenerative brain
diseases (e.g., Alzheimer’s disease [7], [11], [21]) or brain degeneration due to diffuse
or focal brain damage.

Three major approaches were suggested to determine the ICV from images of the
head: (a) manual delineation of the intracranial compartment in CT [1], [10], [18] or
MR images [7], [8], (b) classification and segmentation of multispectral MR images
[2], [3], [4], and (c) classification and segmentation of T;-weighted MR images [15],
[16]. While a manual delineation is certainly laborious, the second approach requires
the acquisition of multispectral volume images, which is often too time consuming (and
thus, too costly) to be acceptable for routine clinical studies. The third method, using
T, -weighted images only, makes certain assumptions that are invalid at least for datasets
acquired by our imaging protocol.

Our approach is based on the idea that proton-density (PD)-weighted MR images
provide a good basis for ICV segmentation, because the skull signal intensity is low,
and all intracranial tissue and the cerebrospinal fluid (CSF) provide a high signal in-
tensity. Thus, the first part of our algorithm consists of generating an ICV mask from
a PD-weighted MR image. Most often, only a high-resolution T;-weighted MR image
is available. So the second part of our algorithm consists of a non-linear registration
of a Ti-weighted reference image to a T;i-weighted study image, yielding a field of
inter-subject deformation vectors. This deformation field is applied to the PD-weighted
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reference image to generate an “artificial” PD-weighted study image. This artificial PD-
weighted image is finally segmented to yield an ICV mask for the study image.

In the next section, we describe our approach in more detail. Then, we evaluate its
performance in a “bootstrap” fashion. Finally, we compare our method and results with
the three approaches mentioned above.

2 Algorithms

In the following, certain heuristics (detailed below) require that the dataset has been
aligned with the stereotactic coordinate system. The x axis corresponds to the ear-to-ear
direction, the y axis to the nose-to-back direction, the z axis to the head-to-feet direction.
Indices ca resp. cp refer to the position of the anterior and posterior commissure.

2.1 Generating an ICY Mask from a PD-weighted MR Image

On input, we expect a PD-weighted image of a human head at an isotropical resolution
of 1 mm and an intensity resolution of 256 steps. Intensity inhomogeneities should have
been corrected by any suitable algorithm. Note that the dataset has been aligned with
the stereotactic coordinate system, e.g., by registration with an aligned T,-weighted
image of the same subject. The algorithm consists of three steps: (a) computation of a
head mask, (b) computation of an initial ICV mask, (c) refinement of the ICV mask at
the brainstem and hypophysis.

Computation of a head mask: The aim is to segment the head region as a single con-
nected component without holes. Steps are spelled out as follows:

i1 = isodata{ipp, 2) // segment into two intensity classes

iy = binarize(i;, 1,1) // select foreground voxels

is = dilate(éz, 5) // morphological dilation by Smm

i4 = invert(ig) /I next 3 steps fill holes inside head mask
i5 = selectBig(label(iy, 26)) // select biggest 26-connected component
i¢ = invert(is)

i7 = erode(Zg, 5) // restore original head size

ihm = selectBig(label(i7,26))  // select the biggest component

Computation of an initial ICV mask: The next step is to generate a first mask of the in-
tracranial region. The threshold ## and eroding distance dist are determined iteratively:

i1 = erode(ipm, 5) // erode head mask by 5mm

tegt = invert(i) // this mask contains all exterior voxels

th = 40,dist = 4 // set initial parameters

do {
is = binarize(ipp, th, 255) // select voxels above an intensity threshold
i3 = erode(ig, dist) // separate ICV from small components
14 = selectBig(label(ig, 26))  // select biggest 26-connected component
ticv1 = dilate(iq, dist) // restore original mask size
th+=5,dist +=0.6 // increment parameters

} while (and(iicv1,test) # {})  // stop if exterior and ICV mask do not overlap
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Due to the application of morphological operators with large kernels, some areas
of the intracranial volume with high curvature are rounded off in this first mask. A
refinement step adds these voxels back:

11 = dilate(4;cp1, 2) // dilate ICV mask by 2mm

1o = mask(?1,ipp) // mask out these voxels from the PD image

i3 = binarize(iz, th, 255) // select voxels above an intensity threshold

i4 = and(invert(iegzt ), 11) // select only voxels above an intensity threshold...
i5 = open(and(is, i4), 1) // ...that do not belong to the exterior mask

ticv2 = selectBig(label(is, 26))  // select biggest 26-connected component

Computation of the final ICV mask: The brainstem and hypophysis regions need special
treatment, because here the high flow in large vessels and CSF lead to a low signal in
the PD-weighted image. Thus, parts in these areas are not included in the initial ICV
mask.

Fig. 1. Refinement of brainstem segmentation: Midsagittal plane of image tcone (left),
after thinning (middle), and brainstem midline (right).

Refinement at the brainstem: A cone-shaped mask is placed with a tip at the center of
the anterior and posterior commissure, and a basis at the bottommost slice of the dataset
with a maximum radius of 80mm. Voxels of the PD-weighted image within this mask
are selected if their intensity is above 100 to yield the binary image Zcone (see Fig. 1).
The medial surfaces of the objects in this image are computed [20]. Sagittal slices in
this datasets are searched for the longest connected line that is denoted as the brainstem
midline.

Using this line, the brainstem and its surrounding CSF is segmented sequentially
in axial slices. In each slice, the smallest distance dp, from the midline voxel vy, to the
next background voxel is determined. All foreground voxels within the circle of radius
dp, around vy, are collected as the initial brainstem mask 4. This mask is dilated by
10mm to yield %ps_10. In this mask 4ps_10, €ach foreground voxel is visited radially,
starting from the midline voxel. A foreground voxel is eliminated if one of the following
conditions is true: (a) this voxel belongs to the backgroundin ¢pp, (b) we approached
the dura mater around the brainstem: this voxel does not belong to the brainstem in %ss
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and has an intensity above 80 in ipp, (c) condition (a) or (b) were already true on the
radial path.

Finally, a morphological opening using a 1.5mm kernel and a selection of the biggest
connected component leads to the brainstem mask that isjoined with ;042 to yield ¢ico3.
Refinement at the hypophysis: In the aligned images, the position of the hypophysis is
well known within the subvolume (zeq — 20 < 2 < Zeq + 20, Yoo — 20 < Y < Yeps
Zea < y < 160). Voxels within this subvolume above the threshold th of ipp are
collected as image ixy. Now, the region around the hypophysis is segmented as follows:

i1 = and(invert(iicy3), thy) // remove voxels that already belong to 7.,
is = open(iq, 1) // remove small bridges to the hypophysis
i3 = selectBig(label(iz, 26)) /1 select the hypophysis

ig = or(is, ticw) // join the hypophysis with %;.,

ticva = close(is, 5) // close small gaps

Finally, starting from the bottommost axial slice in image ;¢4 upwards, the area
of the ICV mask is calculated. A running average is computed over 10 slices; the level
Zeer at which the current value is greater than 2 times the running average is taken as
the basis of the cerebellum [15]. Voxels in axial slices below zcer + 10 are removed to
yield the final ICV mask ;. (see Fig. 2).

Fig. 2. Border of the ICV mask overlaid on the T;-weighted image (top row) resp. PD-
weighted image (bottom row) for reference sample 12 (see below).
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This algorithm was implemented in C++ using the BRIAN environment [12]. The
computation time is 221s (AMD Athlon 1800+ machine, Linux 2.4 operating system).

2.2 Generating an Artificial PD-weighted Image

Given reference datasets i71_ref and ¢ pp_reys, anartificial PD-weighted image i pp_stu
for a study subject is computed using 471 _stw. A non-linear registration from s7j_res
onto i71_stu yields a field of deformation vectors iges. In principle, any method for
non-linear registration may be used here that accomodates large-scale deformations.
We used an approach based on fluid dynamics [5], [23]. The deformation field i4ef¢
is applied to the reference dataset ipp_res to yield an artificial PD-weighted image
1pD_stu- Our registration algorithm was implemented in C++ using the BRIAN envi-
ronment, the computation time is about 22min (due to image dependent optimization,
measured on an AMD Athlon 1800+ machine, Linux 2.4 operating system).

In summary, if T1- and PD-weighted datasets are available for the same subject,
an ICV mask is generated using the first algorithm. If only a T;-weighted dataset is
available, an artifical PD-weighted dataset is computed from a dual-weighted reference
by non-linear registration, and an ICV mask is segmented from this artificial dataset.

3 Evaluation

Subjects: The MPI maintains a database of subjects enrolled for functional MRI exper-
iments. Before admission, a brief history and physical inspection is taken by a physi-
cian. Subjects are included in this database if they comply with the informed consent for
conducting general fMRI experiments, pass the examination and do not exhibit patho-
logical features (e.g., unilateral ventricular enlargements, subarachnoidal cysts) in their
MR tomograms. Twelve subjects were selected, for which high-resolution T1- and PD-
weighted datasets were available, generally acquired in separate sessions.

Image Acquisition: Magnetic resonance imaging (MRI) was performed on a Bruker 3T
Medspec 100 system, equipped with a bird cage quadrature coil. T;-weighted images
were acquired using a 3D MDEFT protocol [14]: FOV 220x220x192 mm, matrix
256x%256,128 sagittal slices, voxel size 0.9x0.9 mm, 1.5 mm slice thickness, scanning
time 15 min. PD-weighted images were acquired using a 3D FLASH protocol with the
same resolution parameters.

Preprocessing: T1-weighted images were aligned with the stereotactical coordinate sys-
tem [13] and interpolated to an isotropical voxel size of 1 mm using a fourth-order
b-spline method. Data were corrected for intensity inhomogeneities by a fuzzy seg-
mentation approach using 3 classes [17]. PD-weighted images were registered with the
aligned T;-weighted images (6-parameter transformation for rotation and translation,
normalized mutual information cost function, simplex optimization algorithm). Finally,
the registered PD-weighted images were corrected for intensity inhomogeneities using
2 classes.

Processing: Data of one subject were considered as a reference. Artificial PD-weighted
images were computed for the other 11 subjects by the method described above. ICV
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P 2 3 4 5 6 7 8 9 10 11 12
AV [1.68 182 203 2.1 3.54 225 193 1.73 214 146 273 123
de  [0.969 0.970 0.966 0.967 0.962 0.961 0.971 0.964 0.968 0.972 0.969 0.971

Table 1. Averaged volume differences AV (in percent) and overlap dc (Dice similarity
index) for each reference vs. the 11 study subjects.

masks were determined from the real and the artifical PD-weighted images. Their vol-
ume differences AV (in percent) and overlap dc (as measured by the Dice similarity
index [6]) were computed. So in total, 12 by 11 comparisons were made. Note that a
low volume difference (< 2%) and a high Dice index (> 0.96) correspond to a good
adaptation of the ICV mask. Averaged results for each reference are compiled in Table
1. The volume difference ranged between 0.02% and 8.69%, the Dice index between
0.934 and 0.981. Best results were achieved ifusing sets 10 or 12 as reference.

Results Discussion: Although the algorithm may appear complex at first sight, it re-
quires a set of only 10 basic image processing operations. The validity of the built-in
anatomical heuristics were carefully checked for our database, and are expected to be
valid for any (normal) MR image of the head.

Several factors influence the ICV segmentation: (a) The quality of the reference
datasets. Head motion, flow and DC artifacts impede good segmentation results, (b)
A high flow in the sinuses may lead to a low signal at the border of the intracranial
cavity in the PD-weighted image, leading to possible segmentation errors at the ICV
border. Howeyver, the induced volume error was found to be less than 0.5%. (c) In areas
of the convexity of the skull where the tabula interna is very thin, the partial volume
effect may smear the signal intense dura mater with the bone marrow, so that parts of
the bone marrow are included in the ICV mask. Again, only a small induced volume
error (0.2%) was found. In summary, the ICV mask should be checked visually when
selecting datasets as a reference.

Other factors influence the adaptation quality of the artificial ICV mask: (a) We
noted a significant relation between the volume difference AV before and after reg-
istration, e.g. a difference in the ICV volume between the reference and the study of
200ml leads to a volume error AV of 40ml (or 3%) in the artificial ICV mask. Most
likely, this is a consequence of the partial volume effect in the registration procedure,
since the ICV border layer has a volume of typically 65ml. (b) One may ask whether the
deformation field generated from a non-linear registration of T;-weighted datasets is a
good model for the anatomical inter-subject differences, and thus suitable for applying
it to the PD-weighted dataset. In particular, this is true for study cases where we found
a low Dice index. In summary, the ICV difference between reference and study image
should be small to yield a good ICV estimate for the study dataset.

In practice, one or more reference datasets should be chosen from a larger group by
the method discussed above. Selection criteria are a low volume difference (< 2%) and
a high Dice index (> 0.96) for all adaptations in the group. The mean error may be used
as an estimate for the expected error in the generation of the study ICV mask.
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4 Discussion

A new approach for the determination of the intracranial volume in MRI datasets of
the human head was described. In a nutshell, an ICV mask is computed from a high-
resolution PD-weighted dataset. If such an image is not available, a non-linear registra-
tion between a Ti-weighted dataset of a reference and a study subject yields a defor-
mation field that is applied to the reference PD-weighted dataset in order to obtain an
artificial study PD-weighted dataset. An ICV mask for the study subject may then be
generated. Using a suitable reference, this approach yields an expected volume error of
less than 2% and an overlap of better than 0.97. The process is fully automatical and re-
liable: On a 4 processor cluster, we generated ICV masks for a database of 540 normal
subjects in 68h.

Compared with the three approaches mentioned in the introduction, manual delin-
eation of the intracranial cavity, as previously used in our [21], [22] and other studies
[11, [7], [8], [10], [11], [18] is tedious (about 1.5h of work per dataset). If performed by
an expert, it may still be considered as the gold standard, although small ambiguities
due to the partial volume effect and inter-rater variability induce a volume error of the
same magnitude as our method.

Alfano et al. [2], [3] suggested to use multispectral MRI datasets for ICV segmen-
tation, while Lemieux et al. [15], [16] base their approach on T;-weighted data only.
Our method lies somewhat between both of these approaches: we use the helpful infor-
mation provided by the PD-weighted datasets for ICV segmentation, but do not require
that multispectral data are available for all subjects in a study. If high-resolution T1-
weighted data are provided, this method may even be used retrospectively.

As noted in the introduction, the ICV is closely related to the brain size of young
healthy adults. Thus, ICV measures may be used to estimate the premorbid brain size,
which is useful to compute the amount of atrophy in brain degeneration due to dif-
fuse diseases (e.g., Alzheimer’s disease, anoxic encephalopathy, microangiopathy) or
following focal brain damage (e.g., cerebral infarction or hemorrhage, after tumor re-
moval).
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Abstract. The difficulties in the automatic registration of the ultra-
sound images of different fetal heads are mainly caused by the poor
image quality, view dependent imaging property and the difference of
brain tissues. To overcome these difficulties, a novel Gabor filter based
preprocessing and a novel shape and pixel-property based registration
method are proposed. The proposed preprocessing can effectively reduce
the influence of the speckles on the registration and extract the inten-
sity variation for the shape information. A reference head shape model
is generated by fusing a prior skull shape model and the shape infor-
mation from the reference image. Then, the reference head shape model
is integrated into the conventional pixel-property based affine registra-
tion framework by a novel shape similarity measure. The optimization
procedure is robustly performed by a novel mean-shift based method. Ex-
periments using real data demonstrate the effectiveness of the proposed
method.

Keywords: ultrasound image registration, shape similarity, gabor filter,
mean shift.

1 Introduction

Ultrasound imaging has become the most important medical imaging tool in
obstetric examination. It is considered to be a safe, non-invasive, real-time and
cost-effective way to examine the fetus. Imaging and measuring the head of
the fetus is a key routine examination to monitor the growth of the fetus. The
registration of different fetal heads is very useful for comparing the growth of
different fetuses and constructing the normalized model of the fetal head for the
diagnosis of fetal head malformation.

However, the registration of ultrasound images is more difficult than that of
other medical imaging modalities due to the poor image quality of ultrasound
images caused by the speckle noise. The methods of medical image registra-
tion is typically divided into two categories: feature based methods [1] [2] and
pixel-property based methods. As the automatic extraction of the anatomical
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structure features is quite difficult in ultrasound images, many researches tend
to use the pixel-property based methods for the automatic registration of ultra-
sound images. For example, Meyer et al [3] used the mutual information measure
to affine and elastic registration, Shekhar et al [4] investigated using the prepro-
cessing by median filter and intensity quantization to improve the robustness of
the registration and Gee et al [5] proposed to use the constraint of the mechan-
ics of freehand scanning process to reduce the computational load in non-rigid
registration.

The Biparietal Diameter (BPD) is the maximum diameter of a transverse
section of the fetal skull at the level of the parietal eminences. The BPD plane
contains the most valuable information for the obstetric doctor to investigate
the fetal head and monitor the growth of the fetus. So, in this paper, we shall
focus on the automatic registration between the ultrasound images of different
fetal heads in the BPD plane.

Actually, the ultrasound image is view dependent, i.e., the structures closely
parallel to the ultrasound beam direction will not show up clearly. So, the parts
of a skull in the ultrasound beam direction are often invisible in the ultrasound
images. Furthermore, in most situation, the difference of the brain tissue be-
tween different fetuses is large. Therefore, the conventional pixel-property based
methods will fail in our study.

In this paper, we propose a novel shape and pixel-property based method
to register the ultrasound images of the BPD plane between different fetuses.
In the proposed method, a prior shape model, obtained by hand measurement
of a group of fetal head ultrasound images, is used to represent the prior shape
information about the skull in the BPD plane. Then, the prior shape model
is updated with the reference image to generate a reference shape model. The
benefit of combining of the prior shape model and the shape information in the
reference image is the more accurate representation of the skull shape even in the
case that the skull structure is partly invisible in the ultrasound image. A novel
shape similarity measure is proposed to assess the similarity between the shape
model and the ultrasound image. Finally, the registration is performed with a lin-
ear combination of the shape similarity measure and conventional pixel-property
based similarity measure of correlation ratio (CR) [6]. A robust optimization is
performed by a novel mean-shift based method. In addition, a Gabor filter based
preprocessing is proposed to reduce the influence of the speckles and extract the
intensity variation for shape information.

2 Preprocessing

The speckle noises in ultrasound images are able to be viewed as in an irregular
and complex texture pattern[7]. This fact inspires us to employ the Gabor filters
for the preprocessing of the ultrasound images to reduce the negative impact of
the speckle on the performance of registration. The preprocess is illustrated in
Fig. 1 (a). First, a wavelet-like Gabor filter bank is constructed to decompose the
ultrasound image in spatial frequency space into multiscale and multiorientation.
A 2-D complex Gabor filter represented as a 2-D impulse response is given by[9]
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Fig. 1. (a)The preprocessing procedure diagram. (b)The responses of Gabor
filter bank in spatial frequency domain. Only the portion larger than the half-
peak magnitude is shown for each filter.
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where (z',y') = (zcosf + ysinf, —zsinf + ycosd) are rotated coordinates, F
is the radial center frequency and ¢, and o, are the space constants of the
Gaussian envelope along the z and y axes, respectively.

Let By and By denote the frequency bandwidth and the angular bandwidth,
respectively. The Gabor filter bank, covering the spatial frequency domain, can
be generated by varying four free parameters (F, 6, Br, By).

After Gabor filter decomposition, a Gaussian smoothing is processed for the
output amplitude of each channel. The smoothing filter, gk,s(YZ,YYy), is set to
have the same shape as the Gabor filter of the corresponding channel but greater
spatial extents. The subscripts s = (0, ...,.5—1) and k = (0, ..., K —1) denote the
scale and orientation of the outputs, respectively, and the parameter -y controls
the spatial extent of the smoothing filter.

In our implementation, we use the parameter set suggested by [8], since
the Gabor filters generated with this parameter set have the optimal texture
separability. The response of Gabor filter bank in spatial frequency domain is
shown in Fig. 1(b).

Finally, compounding the real parts and imaginary parts of the outputs of
smoothing filters, respectively, we get

y12
t oz

2
GCBI y

} exp(j2rnFz’), 1)

G'(z,y) =Y Hf (z,y), G'(z.v)= > Hi,(&y) —pu|, (2
k,s k,s

where H} (z,y) and H} ,(z,y) are the real part and imaginary part of the
output of gg,s(vz, yy), respectively, and pg: is the mean value of Zk, s H I::,s(x’ y)

over the entire image. Since the G"(z,y) and G*(z,y) can be considered as
the representation of the amplitude of the texture pattern and the variation
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of the image intensity, respectively, we call G*(z,¥) the texture intensity map
and G*(z,y) the intensity variation map. To be easily adopted into the pixel
similarity measure Eq. 7, the double-valued G"(x,y) is quantized to 256 levels.

3 Registration

The registration procedure of the proposed method is illustrated in Fig. 2. It
consists of two major parts, i.e., the generation of reference shape model and the
shape and pixel-property based registration of the ultrasound images.

. Generation of Reference Shape Model Shape and Pixel-Property Based Registration
R R e & el
i b Reference Texture
Model Variation Map Intensity Map
: Floating Intensity Floating Texture
Apply affine : Variation Map Intensity Map :
transform T,, : : “1 :
: : »| Aoply affine Apply affine ;
v : : transform T transformT [ ;
Evaluate shape : . ¢ ¢
similarity measure 1, ; 1 ¥
i Evaluate shape Evaluate pixel
* : similarity measure n, similarity measure v,
Maximize similarity measure
with respect to T,
Update registered prior
shape model
Maximize similarity
measure n with respect to T
Reference Shape
: Model : :
R PRSP | ........... : Final Registration Resut

Fig. 2. Diagram of the proposed registration procedure.

3.1 Reference Shape Model Generation

The purpose of this procedure is to build a shape model that can more accurately
represent the shape information of the interest organ in the reference image. The
shape model, M (z,y), used in this paper is a binary bit map having the same
size as the reference image. The regions of value 1 in the shape model is a shape
depiction of the object of interest.

The intensity variation map of the reference image and a prior shape model
are used to generate the reference shape model. Two steps are involved into
this procedure. First, the prior shape model is aligned with the intensity varia-
tion map of the reference image by maximize the shape similarity measure with
respect to the affine transformation of the prior shape model; then, the shape in-
formation extracted from the intensity variation map and the prior shape model
are fused to produce the reference shape model.
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Here, we propose to use the normalized sum of intensity variation within
the region defined by the shape model to assess the similar degree between the
object shape in the image and the shape model. The proposed shape similarity
measure can be written as

: G'(z,y)M(z,y)
ns(M,GY) :Z—G.—, (3)

]
maox
x!y

where G, is the max value of G*(z, y) over the entire intensity variation map.
The range of ns(M,G?) is from 0 to 1.

Assuming that the prior shape model transformed by a given affine trans-
formation Ty is J\/IEM (z,y) = Mp(z,y) o Tnm, here, Mp(z,y) is the initial prior
shape model, the alignment between the prior shape model and the reference
image is to seek the T’; that maximize the shape similarity measure, i.e.,

T]T/I = argrr,},?lx{nS(MngG:)}v (4)

where G is the intensity variation map of the reference image.
In our study, the prior shape model of the fetal head in BPD plane only
takes into account the skull, because it is the most prominent structure in the
ultrasound images of the fetal head. The shape of the skull can be modeled as
an elliptic strip. The prior shape model, as shown in Fig. 6(a), is acquired by
hand measurement of a group of ultrasound images of the BPD plane,
After alignment, the shape information of the reference image is extracted
by
1 if Gi(z,y) > aoy:
Ms(z,y) = {0 if Gi(z,y) < ooy’

where o is the standard deviation of 37, . H ((z,y) over the entire reference
image and a the parameter controlling the extraction of the shape information.
In our experiment, the « is set to 1. Then, the reference shape model, an example
is shown in Fig. 6 (b), is obtained by

(5)

My(z,y) = My (z,y) ® My(z,y). (6)

3.2 Shape and Pixel-Property Based Registration

The similarity measure in the proposed registration method involves two ma-
jor parts: the shape similarity measure and the pixel-property based similarity
measure. The shape similarity measure is the same as Eq. 3. According to our
preliminary study, the CR similarity measure have larger extent of the attraction
basin than other pixel-property based similarity measure. Moreover, the value
of CR measure is comparable to that of the shape similarity measure. Thus, the
CR is adopted as the pixel-property based similarity measure in our method.

Suppose that the texture intensity maps of the reference image and floating
image are G} and G, respectively, and the floating image is tansformed by a
given affine transformation 7. The CR measure is given by [6]
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o oy~ VarlE(G] o TICY) -
(GG el) = "Gt

Then, the shape similarity measure and pixel-property similarity measure are
linearly combined to give the cost function for the registration, i.e.,

1(Ir, Iy o T) = 1p(G}, G} o T) + Bns(My, G5 o T). (8)

where (3 is a weighting constant, I, the reference image, Iy the floating image.

3.3 Maximization of Similarity Measure

Generally, the desired solution in image registration is related to a strong local
maximum of the similarity measure close to the start position, but not necessarily
the global maximum. Here, “strong” not only refers to the magnitude of the local
maximum, but also means the large extent of the attraction basin. Therefore,
we propose to use the Powell’s direction set method[10] to provide the direction
of each sub-line maximization and the mean-shift algorithm[11] to perform the
sub-line maximization. This method can robustly searching for the strong local
maximum.

Assuming {2 is a local window around the current location z on the cost
function surface with a window radius X, one dimensional mean-shift based max-
imizing procedure is iteratively moving the current location by

— ZBGQK (S_Tw) T](S)S —
ZBGQ K (;9%1:_) T](S)
where K is a suitable kernel function.

This iteratively moving procedure is equivalent to hill climbing on the con-
volution surface given by

m(z)

(9)

0w =38 (*57) o) (10)

where H is the shadow kernel of K. For simplicity and effectiveness, we choose
the kernel K as a flat kernel, and the corresponding shadow kernel is the Epanech-
nikov kernel [11], which is a smoothing kernel and can effectively smooth the local
fluctuation on the surface of similarity function. Moreover, by varying the ker-
nel scale A from large scale to small scale progressively, the optimization can
be run robustly and accurately in a coarse-to-fine strategy. An example of the
mean-shift maximization in one dimension is shown in Fig. 3.

4 Experiments and Results

Two ultrasound images, as shown in Fig. 5(a), obtained from two different women

with around 20-week pregnancy were used in our experiments. The image size
is 256 x 256.
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Fig. 3. Searching for maximum with mean-shift method in one dimension. The
start position is marked with a solid square, the intermediate steps are shown
by hollow circles and the final result is represented by a solid diamond.

The smoothing effect of the Gabor filter based preprocessing on the pixel
similarity function is given in Fig. 4. From Fig. 4(b), we can observe that the un-
desired local maxima in large scale have been effectively smoothed and removed
when using the texture intensity maps for the pixel similarity measure. The pre-
processing outputs of the reference and floating ultrasound images are shown in
Fig. 5 (b) and (c). Note that the texture intensity map after requantization, Fig.
5 (b), can also be view as a despeckled and contrast enhanced ultrasound image.

In Fig. 6, we show the shape model and the final registration result, Fig.
6 (d). In the shape models, the value of white regions is 1. Although there are
some small noticeable registration errors, the accuracy of the result is acceptable
for the affine registration between two different subjects.

(a) (b)

Fig. 4. Correlation Ratio as a function of misalignment caused by translation in
y axis and scaling in x axis for (a) the original image pair and (b) the texture
intensity maps of the image pair.
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= ; (b) o : x

Fig. 5. Results of Gabor filter preprocessing for the reference image (top row)
and the floating image (bottom row).(a) Original ultrasound images. (b) Texture
intensity maps of the images. (c) Intensity variation maps of the images . For
display convenience, it is also quantized to 256 levels.

(b) (©) (d)

Fig. 6. (a)the prior shape model. (b) the reference shape model. (c)the floating
image when registered.(d)the final registration result shown in the reference
image. The white curves superimposed on (c) and (d) are the edges detected by
Canny edge detector in the corresponding texture intensity map of the floating
image.

5 Conclusions

In this paper, we have proposed a novel method for affine registration of the
ultrasound images. This method consists of a Gabor filter based preprocessing
of the ultrasound images, a shape and pixel-property based similarity measure
and a robust searching of strong local maximum based on the mean-shift al-
gorithm. We demonstrate the effectiveness of this method with the experiment
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on the registration of the ultrasound images between different fetal heads. The
proposed method can be easily extended to the registration of other organs, if
the prior shape model of fetal skull is replaced by that of other organs. In our
future work, we shall study to apply the proposed method for the registration
of other ultrasound images and extend the proposed method to the registration
of ultrasound volumes.
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Abstract. The multiresolution approach is commonly used to speed up
the mutual-information (MI) based registration process. Conventionally,
a Gaussian pyramid is often used as a multiresolution representation.
However, in multi-modal medical image registration, MI-based methods
with Gaussian pyramid may suffer from the problem of short capture
ranges especially at the lower resolution levels. This paper proposes a
novel and straightforward multimodal image registration method based
on wavelet representation, in which two matching criteria are used in-
cluding sum of difference (SAD) for improving the registration robust-
ness and MI for assuring the registration accuracy. Experimental results
show that the proposed method obtains a longer capture range than the
traditional MI-based Gaussian pyramid method meanwhile maintaining
comparable accuracy.

1 Introduction

Image registration is a process of finding a transformation that maps one image
onto another same or similar object by optimizing certain criterion. It is an
essential step in medical image processing if clinicians require complementary
information obtained from different images. Registration aims to fuse data about
patients from more than one medical image so that doctors can acquire more
comprehensive information related to pathogenesis.

Most of rigid registration methods require an iterative process to go from an
initial estimate position to a final optimal one[1]. There are many factors that
affect the process of registration. The capture range is one of them; it directly
determines the success or failure of the alignment. Regarding intensity similarity
measures, many local optima can trap the optimization method and cause it to
stop at incorrect positions. Capture range can be defined as a range within which
the starting algorithm is more likely to converge to the correct optimum[1]. In
other words, if the starting point is not within the capture range, the registra-
tion algorithm is most likely to converge to a wrong optimum, thus leading to
misregistration. Logically, the size of capture range is positively correlated to
the success rate of a registration task. As such, the capture range is a very im-
portant property that influences the robustness of registration algorithms and

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 270-277, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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longer capture ranges are what registration methods pursue [2,3]. The size of a
capture range depends on the features in the images and similarity metrics used
to measure them. In this paper, the capture range is mathematically defined as
the range in which the value of matching criterion monotonically decreases (or
increases) when at a distance away from the maximal (or minimal) position.

Mutual information (MI) is one of the most popular matching criteria that
are used in multi-modal image registration. Many researches have shown that
MI produced satisfactory results in terms of accuracy [2,3,4]. Due to its high
computational complexity, scientists have proposed the multiresolution scheme
to accelerate MI-based registration. Though some researchers believe that a mul-
tiresolution scheme can also increase the capture range for there is less tendency
to be trapped in local minima [2], our experiments show that the capture range is
still not good enough especially in lower resolution registration. This is supported
by the conclusion drawn in [5], i.e. the hope that a multiresolution approach to
matching would be better equipped to avoid local optima seems unfounded. The
statistical relation of image intensities that MI measures tends to decline when
the image resolution decreases [6]. Thus, MI does not naturally extend to the
multiresolution framework. In order to improve this situation, we propose the
combination of the sum of absolute difference (SAD) and MI as similarity metrics
rather than MI alone.

We do not use SAD and MI directly on the original image intensities. Instead
we make use of the wavelet coefficients to calculate the two similarity measures.
Scientists have tried to apply wavelet transform to image registration due to its
inherent multiresolution characteristics and ability to preserve significant struc-
tural information of images. J.L. Moigne [7] registered remote sensed data using
maxima of HL and LH wavelet coefficients. P. Moon et al. [8] looked into the
applicability of the wavelet transform to digital stereo image matching. Turca-
jova et al. [9] tested various orthogonal and biorthogonal wavelets (they used LL
coefficients) together with cross-correlation to register affine transformed images
of objects at a distance. Liu er al. [10] suggested the application of the Gabor
filter and the Gaussian model of registration. J. Zhen et al. [11] proposed a
wavelet-based multi-scale block matching algorithm to register DSA images.

In this paper, we utilize the LL wavelet coefficients to register two multi-
modal images using the sum of absolute difference (SAD) at lower resolution
levels and mutual information (MI) at higher resolution levels. The originality
of this idea is to apply wavelet in the field of medical image registration and the
combination of two different similarity measures. Experimental results show that
our method has a longer capture range than a conventional Gaussian pyramid
with MI at all levels.

2 Proposed Approach

2.1 Matching Criteria

In our algorithm, two similarity metrics are utilized, namely MI and SAD. They
work on the LL wavelet coefficients at different resolutions.
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Originating from information theory, MI is an entropy-based concept and
denotes the amount of information that one variable can offer to the other. In
terms of marginal distributions p(a) and p(b) for images A and B respectively
and the joint distribution p(a, b), MI can be defined as:

_pla,b)
I{A, B) Zp(a b) log @)
where a and b represent the intensity of image A and B respectively. MI measures
the statistical dependence between the image intensities of corresponding voxels
in both images, which is assumed to be maximal while SAD is assumed to be
minimal if the images are geometrically aligned. At a low resolution level, the
capture range of MI is not satisfactory and we find that combined with wavelet,
SAD works better than MI with a Gaussian pyramid in terms of capture ranges.
MI has a shorter capture range because after the MI value drops down from the
maximum, it soon increases. This is due to the fact that joint entropy is small
when images are registered and it increases considerably (thus MI decreases)
when the floating image shifts away from the optimal transformation. When the
brain of floating image maps mainly to the background of reference image, the
joint entropy decreases. If the amount of decrement is greater than the decrement
of the sum of two marginal entropies, MI increases (I(A, B) = H(A) + H(B) -
H(A, B)). This results in short capture ranges of MI at low resolution levels.

SAD is defined as:

SAD = Z [u(x) - v(T(x))|,

mED

where  and T refer to the position vector and the transformation respectively, u
and v are the intensity functions of two images, and N is the number of pixels in
the region of interest D (here refers to the overlapping part of the two images).

In a general way, SAD is not effective in multi-modal registration because
even when perfectly registered, images from different modalities are different in
intensity [2]. Therefore we adopt MI rather than SAD at higher resolution levels
to ensure the accuracy of registration. However, SAD works well in lower resolu-
tion registration because in a low resolution scenario, all details tend to disappear
and only global features are preserved, e.g., a brain image approximates to a ball.
An important fact is that in almost all medical images, background is dark and
objects of interest are highlighted. This fact excludes the intensity-inverted oc-
casion that is not suitable for SAD to work. This means different medical images
from different modalities are inclined to similar intensity profiles, thus SAD can
be effective in this scenario. Our experiments show it outperforms MI.

2.2 Choice of Wavelet Coefficients

We use the standard discrete wavelet transform (with Haar basis function which
is easy to implement[12]) algorithm to get wavelet decompositions of images
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which include four subband images, LL, LH, HL and HH. In our method, we
make use of LL subband coefficients to perform registration(See Fig. 1). Rather
than the other three subbands which contain details like edges, LL subband
preserves most of the significant information one image has, e.g., anatomical
structures, intensity values, etc. Thus, as shown in the experiments, it is suitable
for MI and SAD to get satisfying results.

Fig. 1. Pyramid images. Top left four are Gaussian Pyramid. Bottom left four are
wavelet pyramid (LL coefficients). Right are zoomed-in images showing the difference.

Wavelet transform provides not only frequency domain information but also
spatial domain information. A considerable amount of registration work based
on wavelet has been done in the remote sensing, cartography, geoscience and so
forth. However in the area of medical image registration, little work has involved
wavelet transform. We adopt wavelet instead of Gaussian as the representa-
tion for two main reasons. Firstly, wavelet transform can keep more significant
anatomies in medical images, like the gyrus and ventricles of the brain (See Fig.
1). Secondly, wavelet does not blur the images through the hierarchical pyramid
as much as Gaussian filter.

2.3 Multiresolution Registration

We first perform wavelet transform on each image into several levels. The total
number of levels of decomposition depends on the image size. Suppose that
there are N levels. Level 1 represents the highest resolution level. We start
the registration process from the coarsest level, i.e. level N. For every level i
(¢ > N/2), we register the two LL subband images by minimization of SAD
and for every level ¢ (i < N/2), we register the two LL subband images by
maximization of MI. For each ¢ (N > ¢ > 2}, the resulting position of registration
of level ¢ is multiplied by 2 and then becomes the initial position of the next level,
ie. level i — 1. The registration process terminates when the matching criterion
is optimized at the highest resolution level.



274 J. Wu and A.C.S. Chung

3 Experimental Results

The testing datasets used in our experiments were obtained from the Brainweb,
a Simulated Brain Database (T1, T2 and PD-weighted MR) [13,14], and from
the collaborating hospital (MR,CT), where all the corresponding images have
been precisely registered (See Fig. 2). We tested the proposed algorithm and MI-
based Gaussian pyramid algorithm on 4 groups of multi-modal medical images,
T1-T2, T1-PD, T2-PD and MR-CT. In the experiments, we decomposed images
into N = 4 levels. In the MI-based Gaussian pyramid algorithm, we used MI
for the registration of all resolution levels. In our method, we used SAD for the
registration of Levels 4 and 3 LL subband images, and MI for the registration
of Levels 2 and 1 LL subband images.

Fig. 2. Datasets for the experiments. The first column are T1, T2 and PD(181 x 217 x
181) images from Brainweb. The second column are MR and CT images(256 x 256)
from the collaborating hospital.

In order to study their performances, we plotted the probing graphs of our
method and the MI-based method in Figs. 3 and 4 respectively. The number
of bins was set to 32. To minimize the interpolation artifact, we adopted the
partial volume interpolation (PVI) during the density estimation process [4]. In
the figures, capture ranges are delimited by two vertical lines.

Here are some observations about the results. Firstly, in the low resolution
translational shifts (Sub-figures (a) and (¢) in Fig. 3 and Fig. 4), the new method
has a much longer capture range (over double) than the traditional one. This
is further justified by the remarkable improvements on different multi-modal
image matching groups. The capture ranges along the horizontal direction are
given in Table 1. For rotations (Sub-figures (b) and (d) in Fig. 3 and Fig. 4),
capture ranges are similar because the overlapping regions of objects do not vary
significantly.

Secondly, in high resolution translational shifts (Sub-figures (e) and (g) in
Fig. 3 and Fig. 4), the new method has a slightly longer capture range.

Thirdly, in high resolution rotations (Sub-figures (f) and (h) in Fig. 3 and Fig.
4), capture ranges are similar. It is observed that, when the images are aligned,
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Fig. 3. The conventional MI-based method with Gaussian pyramid on TI-T2 images.
Level 4 is at the top row of the figure while level 1 is at the bottom row. The left column
gives the values of MI (All levels) across the translations along the X axis and the right
column gives the corresponding values for different rotations.

the MI value of the wavelet LL subband images (around 2.3) is larger than that of
the Gaussian filtered images (around 2.1). It shows that the wavelet LL subband
images contain more mutual information because the anatomical structures are
better preserved in the LL subband images.

4 Summary

In this paper, we present a new multi-modal medical image registration method
based on wavelet transform using SAD and MI. Our method extends the short
capture ranges with the conventional MI-based Gaussian pyramid method and
meantime achieves the same accuracy. The novelty of this idea lies in the combi-
nation of two different similarity measures (MI and SAD) in one multiresolution
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Fig. 4. Our proposed method on TI-T2 images. Level 4 is at the top row of the figure
while level 1 is at the bottom row. The left column gives the values of SAD (Levels 4
and 3) and the values of MI (Levels 2 and 1) across the translations along the x axis
and the right column gives the corresponding values for different rotations.

scheme (wavelet pyramid). In principle, this framework can adopt any two met-
rics and any representation as long as the result is satisfying. Our experiments
show that SAD together with wavelet LL subband coefficients obtains a much
longer capture range than the conventional method in low resolution registra-
tion. Future work will apply wavelet transform to a large number of datasets to
further study its performance compared to other existing methods.
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Abstract. The presence of cerebral activation may bias motion correc-
tion estimates when registering FMRI time series. This problem may
be solved through the use of specific registration methods, which in-
corporate or down-weight cerebral activation confounding signals during
registration. In this paper, we evaluate the performance of different reg-
istration methods specifically designed to deal with the problem of ac-
tivation presence. The methods studied here yielded better results than
the traditional approaches based on least square metrics, almost totally
eliminating the activation-related confounds.

1 Introduction

The problem of subject motion is of particular importance in FMRI studies,
due to the small amplitude of the signal changes induced by cerebral activation.
Indeed, signal variations introduced by slight movements can easily hide the
BOLD signal features related to cognitive tasks, or lead to the appearance of
false activations. Due to the lack of perfect and comfortable immobilization
schemes, neuroimaging researchers often prefer to rely on retrospective motion
correction of the FMRI time series. However, optimal registration of the time-
series is not sufficient to correct for all signal changes due to subject motion
during data acquisition.

In practice, an important confounding effect may still be introduced during
the estimation of motion parameters. This confounding effect relates to the fact
that the presence of activation may systematically bias the motion estimates,
rendering them correlated with the activation profile (even in the absence of
subject motion) [1]. This effect is particularly significant when motion estimates
are obtained using similarity measures based on least squares metrics. The con-
sequence may be the appearance of spurious activations along brain edges after
statistical analysis. Moreover, this systematic bias is likely to render invalid any
attempt to correct other motion-related artifacts by using motion parameters as
regressors of no-interest.

A standard approach to reduce the activation-related bias in motion esti-
mates consists of using a robust estimator [2,3], for instance a Geman-McClure
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M-estimator. In [4], the suitability of this estimator was assess in the context
of FMRI registration. This estimator, however, was not sufficient to completely
discard activation-related correlations in the estimation of motion parameters.
More recently, two new methods dedicated to FMRI registration were proposed
in [5,6].

In this paper, we evaluate the robustness of these two least-squares-based
registration methods in the presence of activation. The fact that the proposed
methods rely on two different computational frameworks, which differ in the in-
terpolation and optimization schemes, has motivated the inclusion of the results
obtained by conventional least-squares-based methods implemented under each
computational framework. The robustness of the different methods is first eval-
uated using two artificial time series, produced in order to simulate a situation
with absence of subject motion, and another with true activation-correlated mo-
tion. The different methods are finally tested on three actual time series obtained
from human subjects in a 3T magnet.

2 Materials

2.1 Similarity Measures

In this paper, we have compared four registration methods, which are outlined
next:

1. Least Squares (LS1 and LS2). The least squares similarity measure is
calculated through the sum of the squared residual difference between voxel
pairs, for a given rigid-body transformation, 7. For two images A and B,
yielding the intensity pair of values (a,b) for voxel i, the least squares cost
function is defined as

LS(A,B;T) =3 (4 - B )", (1)
1
in which BY is the resampled value of image B at voxel 7 after the geometric
transformation 7 has been applied. The LS registration methods are based
on two distinct computational frameworks. The first uses cubic-spline inter-
polation [7] under a Powell optimization scheme [8]. This LS implementation
will be referred to as LS1. The second method relies on the computation
of exact intensity derivatives introduced by a simple fixed-point iteration
method. This second LS implementation will be referred to as LS2.
To prevent each method from being trapped in local minima, spatial smooth-
ing is applied in both methods by convolving the image with a 3D Gaussian
kernel with FWHM value set to 8 mm.

2. Dedicated Least Squares (DLS). This is the registration method that
imposes the strictest down-weighting of voxels that potentially bias motion
estimates. It relies on a dedicated approach, which runs on a two-stage regis-
tration. After the first stage, which is identical to LS1, a rough mask intended
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to include all activated areas, is obtained. During the second motion estima-
tion, the voxels inside a dilated version of the activation mask are discarded
from the calculation of the similarity measure. It should be noted that this
mask may include some spurious activations stemming from a biased initial
motion correction, which shall not be a problem if spurious activations are
not too wide. An illustration of a discarding mask is provided in Figure 1
(left).

Simultaneous Registration and Activation Detection (SRA). The
fourth method is the SRA, which attempts to overcome the problem of acti-
vation bias by incorporating the effects of the activation into the registration
problem.

Least-squares registration involves finding the motion parameters = that
minimize the sum of squared differences between the volumes A and B. Using
a linear approximation to the motion transformation, this means solving

A = B+ Gz, 2)
in the least-squares sense, where the matrix G is the derivative of the trans-
formation with respect to the motion parameters. In this case, consider the
volumes A and B to be column vectors. Similarly, the formulation of activa-
tion detection using the general linear model,

A= B+yH, (3)
lends itself to solving for the coefficients of activation, y, in a least-squares
sense. Here, A and B can be thought of as voxel time series stored as row-
vectors, while H holds the stimulus regressors in its rows. Since the volumes
are stored in columns, and voxel time series are stored in rows, an entire
dataset can be stored in a single matrix. Using this notation, an FMRI
dataset can be modeled as a baseline dataset (B), plus a motion component
(GX), plus an activation component (YH). Hence, we have the model:

A=B+GX +YH. (4)

A least-squares solution (X, Y) can easily be found using matrix factoring
techniques or by an iterative method. However, it can be shown that the
solution is not unique. Adding a regularization constraint that favours sparse
activation maps has been shown to work on simulated FMRI datasets [6].

Description of the Experiments
FMRI Acquisitions

have used a set of three FMRI studies, corresponding to three different sub-

jects. The images were acquired on a Bruker scanner operating at 3T. Volume
geometry is (64 x 80 x 18, 3.75 mm x 3.75 mm x 6.00 mm). A block design
was used to assess visual activation, in which two tasks were repeatedly pre-
sented to subjects following a box-car design. Each task had a duration of 18 s
(corresponding to 9 volumes), and was repeated 10 times, yielding 180 images.
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Fig. 1. (Left): example of the DLS discard mask with the estimated activated
regions and activation mask obtained by dilation of activated regions. (Right):
activation profile used to generate the simulated time series.

3.2 Experiments with Simulated Time Series

Motionless Simulated Time Series: The evaluation of the different registra-
tion methods is first performed using an artificial time series designed to simulate
an activation process in the absence of subject motion. This was done by dupli-
cating a reference image forty times and adding an activation-like signal change
to some voxels in order to mimic a cognitive activation process. The activation
time profile is shown in Figure 1 (right).

The added activation pattern was obtained using SPM99, after resampling
the first actual time series with LS1 motion estimates (the activation pattern has
a size of 6.7% of the brain and the mean activation level was set to 2% of brain
mean value). To simulate the effects of thermal noise, Rician noise was added to
the dataset by applying Gaussian noise (standard deviation of 2% of the mean
brain value) to both the real and imaginary components. The four registration
methods are then applied. For each registration method, we also compute the
Pearson’s correlation coefficient of the 6 estimated motion parameters with the
cognitive task profile. For the DLS method, the activation mask was obtained
by statistical inference of the resampled simulated time series, according to [5].

The results for the simulated time series are presented in Figure 2. One can
see that the DLS and the SRA registration methods can effectively reduce the
bias in motion estimates introduced by the presence of activation. Substantial
reductions in the correlation coefficients can also be observed in Table 1 (left).
Simulated Time Series with True Correlated Motion: The elaboration
of this simulated time series is similar to the previous one, except that true
activation-correlated motion was added. This is not an uncommon situation in
real studies (for instance, if the subject is asked to speak) and, in fact, the
consequences of a poor alignment may be disastrous in this situation. The simu-
lated true correlated motion, which comprises translations in £ and ¥ directions,
follows the same profile as the activation, with maximum amplitude in both di-
rections of 2 mm. In order to minimize interpolation-related artifacts, Fourier
interpolation in k-space was used, which is in accordance with the 2-D (z — ¥
plane) signal acquisition process.
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Fig. 2. Registration errors for the parameters ¢y and r; for the motion-free
simulated time series. Graphs refer to LS1 and LS2 (lefr) and to DLS and SRA
methods (right).

Results are presented in Figure 3 by subtracting the true motion from the cal-
culated motion-correction parameters and show that both DLS and SRA meth-
ods are significantly robust to activation presence. The summary of correlation
coefficients is presented in Table 1 (right).

param. LS1 LS2 DLS SRA LS1 LS2 DLS SRA

le 0.12 0.13 0.06 0.10 0.26 0.04 0.10 0.10
Ly 0.94 0.93 0.19 0.30 0.94 0.94 0.13 0.00
(28 0.93 0.76 0.25 0.11 0.92 0.68 0.50 0.07
Tz 0.92 0.91 0.14 0.16 0.91 0.94 0.21 0.30
Ty 0.26 0.04 0.16 0.18 0.43 0.01 0.37 0.23
T2 0.33 0.48 0.17 0.28 0.23 0.24 0.30 0.22

Table 1. Correlation values for the motionless simulated time series (left), and
for the simulated time series with true activation-correlated motion (right).

3.3 Experiments with the Real Time Series

The four registration methods were also applied to three actual time series.
For these datasets, the activation profile used to compute cross-correlation was
obtained by convolving the task timing with the SPM99 hemodynamic model.
A moving average was removed from the estimated motion parameters before
computing the correlation in order to discard slow motion trends. In the case of
the DLS method, the number of activated voxels in the three mask comprised,
respectively, 19%, 22% and 18% of the brain size.
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Fig. 3. Registration errors for the parameters ¢y and 7, for the simulated time
series with true correlated motion (true motion was removed). Graphs refer to
LS1 and LS2 (left) and to DLS and SRA methods (right).

The results obtained with the three actual time series also indicate a reduc-
tion in the correlation between the motion estimates and the activation paradigm
for the DLS and SRA. This is particularly visible in the ¢, (and r;) parameter
(see Figure 4). Correlation values are presented in Table 2.

For the first actual time series, one can see that the different methods do
not generally agree in the estimation of r, (and r,) parameter (see Figure 4).
This effect, which is also observed for the other two time series, may be due to
the fact that the methods do not share the same computational framework, as
mentioned above.

param. 191 LS2 DLS SRA

LS1 LS2 DLS SRA

LS1 LS2 DLS SRA

le 0.27 0.24 0.27 0.05 0.17 0.25 0.24 0.11 0.36 0.38 0.40 0.08
ly 0.65 0.49 0.17 0.05 0.57 0.51 0.27 0.16 0.67 0.47 0.29 0.05
2 0.46 0.14 0.14 0.31 0.63 0.32 0.29 0.15 0.64 0.42 0.11 0.01
T 0.72 0.72 0.10 0.09 0.72 0.73 0.37 0.17 0.69 0.69 0.05 0.00
Ty 0.02 0.03 0.05 0.12 0.05 0.13 0.16 0.22 0.01 0.34 0.04 0.07
T2 0.01 0.12 0.13 0.03 0.20 0.40 0.03 0.09 0.38 0.31 0.17 0.03

Table 2. Correlation values for the three real time-series.

4 Discussion

The problem of minimizing the bias introduced by the presence of activation is of
particular importance due to the use of high field magnets (> 37), which increase
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Fig. 4. Detrended registration parameters £, and 7, for the first actual time
series. Graphs refer to LS1 and LS2 (left) and to DLS and SRA methods (right).

activation amplitude. The work presented in this paper shows that the SRA and
DLS methods seem suitable for the problem of motion compensation of FMRI
studies, even in a situation where true activation-correlated subject motion is
present. Indeed, this is an important issue when assessing the robustness of a
registration method. The explanation is twofold: the first deals with the fact that
interpolation errors during registration could be confounded with an activation-
like bias; the second, to the well known fact that registration error (generally)
increases with the initial misalignement.

The three actual time series used in this work were selected from among
14 subjects because they clearly presented a strong correlation with activation
paradigm. Nevertheless, the true motion for these subjects is unknown and may
or may not be correlated to the stimulus. However, the results obtained from
the experiments performed in this paper clearly support the idea that the bias
in motion estimates was due, at least in part, to presence of activation. Indeed,
incorporating the activation profile into the SRA method or discarding about
20% of the voxels in the DLS method substantially reduces the correlation with
the task.

A few plots obtained from the actual data show a disagreement between the
different registration methods. In our opinion, this situation may stem from the
fact that the time series include spatial distortions induced by the fast acquisi-
tion scheme. Indeed, there is an interaction between these distortions and head
movement and therefore, the rigid registration approach cannot perfectly align
the time series. In such ill-posed situations, similarity measures are prone to sev-
eral local minima, which are due to local good matches between object features,
possibly caused by the fact that both methods rely on different interpolation
methods. This may explain why the two different computational frameworks
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sometimes provide slightly different solutions for the rotation parameters for
LS1 and LS2.

The success of the SRA method described in this paper calls for the devel-
opment of integrated methods mixing motion estimation, activation detection
and distortion correction. Like activation detection, however, distortion correc-
tion may require additional information, such as a magnetic field phase map
obtained from the MR scan [9], adding another level of complexity because this
phase map may depend on the head position in the scanner.

5 Conclusion

During the last decade, numerous general purpose similarity measures have been
proposed to tackle medical image registration problems. They have led to a lot
of success with important impact on neuroscience and clinical applications. The
assumptions underlying these similarity measures, however, often neglect some
features specific to FMRI data, leading to the kind of bias mentioned in this
paper. In our opinion, tuning registration methods to account for these features,
as demonstrated for the DLS and SRA methods, will be a necessary and fruitful
endeavour.
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Abstract. In this paper, the three-dimensional reconstruction of consecutive
brachial plexus slices is discussed. To get precise results, the contour-based re-
construction method is adopted. As the contour correspondence problem is of
great importance to the reconstruction, a cluster method is firstly used to get rid
of the offsets between the contours introduced during the stage of data acquisi-
tion. Besides correspondence check, a robust similarity-based correspondence

algorithm is proposed which results in an automatic correspondence rate more
than 97%.

1 Introduction

The repair and regeneration of damaged brachial plexus has always been a focus in
orthopaedics. Until now there still exists imperfectness in the restore of nerve func-
tion. The main reason lies in the wrong anastomose of nerve fibers between sense and
motor ones. So it’s an urgent problem in basic and clinical researches to know the
exact structure of brachial plexus [16].

The structure of brachial plexus is very complicated. The nerve bundles branch,
cross and recombine one another. Sense fibers and motor ones in nerve bundles mix
together to combine a commix bundle in every part of brachial plexus. In this case, a
three-dimensional model would provide a good understanding of the nerve structure
where the traditional two-dimensional nerve atlas suffered.

In this paper, the contour-based method is introduced to reconstruct brachial
plexus’s three-dimensional structure, including both out contour and the ultra-
complicated pathways of nerve bundles inside. A robust similarity-based contour
correspondence algorithm is proposed to guarantee a precise and correct result.

2 Related Work

The volume data visualization methods can be grouped in two classes according to
different problems and data characteristics [14]: surface-based reconstruction [12]
and direct volume rendering [13].

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 286-293, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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Surface-based reconstruction also has two categories, two-dimensional contour-
based reconstruction [12] and iso-surface extracting-based reconstruction [2].

The former is a commonly used and effective visualization method. It means to re-
construct surfaces of three-dimensional objects based on a collection of planar con-
tours representing cross-sections through the objects. It is mainly composed of three
problems [3]: correspondence problem, tilling problem, and branching problem.
Among them, contour correspondence, whose goal is to obtain correspondence rela-
tionship of contours on two adjacent slices, is vital to the whole progress. [5] com-
putes the overlapping area of contours on adjacent slices as the correspondence crite-
rion. [1],[9] approximate the contours by ellipses and then assemble them into cylin-
ders to determine the correspondence. [4] uses domain knowledge to constrain the
problem. [7] realizes automatic reconstruction through Greeb graph. [6] uses a
method of distance transform and region correspondence. [8] realizes a nerve recon-
struction tracing system, in which the primary rule for correspondence is to compute
the overlapping area and distance between the centers of the contours on adjacent
slices.

3 Nerve Reconstruction

In this paper, we realize a nerve reconstruction system to deal with 842 brachial
plexus slices. In order to obtain precise three-dimensional structure of all nerve bun-
dles and display clearly their relationship, the contour-based reconstruction method is
adopted.

The whole process can be divided into several steps including image adjustment,
image segment, contour correspondence, contour reconstruction and rendering. The
source data is a series of two-dimensional images containing brachial plexus informa-
tion. Fig.1-a is one of these slices with the thickness of 15 micron and interval of
0.2mm.

—~ Image adjustment: Based on the markers on the original images, the adjust-
ment is accomplished by matching corresponding landmarks in both images
through an affine transformation.

— Image segmentation: Firstly each adjusted image is binarized, and then the con-
tours on each slice are extracted by use of watershed-based algorithm. Due to the
complexity of nerve structure, automatic segmentation associated necessary human
intervention is adopted.

— Contour correspondence: To find correct connection relationship between contours
on adjacent slices. This is the main topic of this paper, and we will give a more de-
tail description later.

— Contour reconstruction: [10],[11]’s methods are used here to reconstruct the three-
dimensional surface structure of the brachial plexus.

— Rendering: The final stage of the process is to render the results of reconstruction
on the screen.
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The main contributions of this paper are listed as following:

— Cluster small contours into big circles. Perform the correspondence on the scale of
big circles firstly to get rid of offset errors introduced during the data acquisition.

— Execute the correspondence progress repeatedly and in each loop put those corre-
sponded contours as benchmarks for next correspondence.

— Check intermediate results by the constrain criterion and recorrespond the uncorre-
sponded contours with a new method by a new set correspondence intensity.

4 Contour Correspondence

Correspondence problem is the most important and difficult problem of the contour-
based reconstruction method. In our case, the structure of brachial plexus is very
complicated and the offsets between the contours on the adjacent slices are sometimes
very large. So the general contour-based methods suffer here.

[15] uses (1) to compute the discrepancy of two contours. If the discrepancy is
lower than a given value, there exists correspondence between the two contours.
Through this method an automatic correspondence rate of near 90% is obtained.

| C;.Area—C;.Area|
min(C,.Area, C;.Area) @)

Disci; = D(C,,C))

Careful observation of the slices shows that the contours representing nerve fibers
assemble into several big circles or ellipses, which represent nerve bundles. And
offsets of the fibers in the same bundles are very similar between the adjacent slices.
According to above characteristics, we present our algorithm as following:

1. For each slice, cluster the small contours into several big circles.

2. Correspond the big circles, compute the corresponding circles’ offsets and add
them to the small contours.

3. Correspond the small contours.

4.1 Contours Cluster

Firstly we define the distance between contour C; and contour C; by (2). Suppose the
total number of contours is m. We define a (m+2)-dimension vector D; for each con-
tour Cy by (3), in which (x, y) represents the center coordinate of Cy. Then cluster the
vectors into several groups by hierarchical cluster method, in which the distance ma-
trix is computed by Minkowski’s metric with an exponent of 3. Necessary human
interaction is needed to correct cluster errors.

dis(C,,C,) = min{dis(x,y) | x € C,,y € C,} )
D, (i) = dis(C,,C)(i=0,,...m~1),D,(m) = x, D (m+1) = y 3)

Now the small contours have been clustered into several groups, which can be ap-
proximated by big circles, as shown in Fig.1b. The centre of each big circle is the
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centroid of its corresponding group. Then for each small contour, it is approximated
by a circle whose center and area is same as that of the contour. The radius of the big
circle G is computed by (4).

G.Radius = max {dis(G.Center, C.Center) + C.Radius) | C belongs to G} @

4.2 Big Circles Correspondence and Offset Computation

In some cases, when two contours are very far away and their areas are almost the
same, the discrepancy computed by (1) may be very small, which leads to a corre-
spondence between them. But in fact, this correspondence doesn’t exist here. So, we
substitute the formula (1) with a new formula (5) to compute the discrepancy. Fig.1b.
shows the correspondence results of big circles. The automatic correspondence results
would be nearly 100% correct as long as appropriate parameters are chosen.

Disc; = ,/max{C,.4rea,C,.Area}/min{C,.Area,C, Area}D(C,,C,) 5)

Now compute the offsets of corresponded big circle pairs. Considerable offsets in-
deed exist between some circles. For each small contour, according to its subordinate
group, add corresponding offset to it. As shown in Fig.1-c, the green hollow contours
are processed results, compared with their counterpart on the adjacent slice (blue
hollow ones). It can be seen that the error has been nicely amended. Until now, most
of the error introduced during the data acquisition stage has got correction. As shown
in Table. 1, the above progress does enhance the correspondence rate.

4.3 Small Contours Correspondence

This section is the most principal part of the paper. We propose a new robust algo-
rithm to perform correspondence of complex contours, which proves to be effective
and efficient. The basic idea is to complete the task from the easy to the difficult.
Firstly those contours with remarkable characters are handled, then the relatively
more complicated cases. The process is not finished until all small contours have been
matched. In each step different criteria is adopted according to different characters of
the current contours.

Firstly we assume S/ and S2 are two adjacent slices. Compared with a given value,
contours are categorized as big contours or medium contours or small ones according
to their areas. The basic algorithm is as following.

4.3.1 Basic Correspondence

Suppose that Ov(C,,C;) represents overlap area between C; and C; and Corr(C,;,C;)
represents C; is corresponded with C,. T1, T2 and T3 are given values. Take the
following steps.

1:For each uncorresponded big contour C, in s,.
C,=max contour{ov(C,,C)|C in S,}
it ov(c, c,)>T1, corr(c,,c,
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2: For each uncorresponded nmedi umcontour C, in §,.
C,=min contour{Disc(C,,C)|C in S }
it Disc(C,,C,)<T2, Corr(C,,C,) .
3. For each uncorresponded snall contour C, In 8,.
C,=min{Disc(C,,C) | uncorresponded C in S}
it pisc(c,,C,)<T3, Corr(C,,C,)
4: For each uncorresponded big, medium small contour
c,in s,, take the same operations as in step 1,2,3

Until now, all above operations have enabled a considerable high automatic corre-
spondence rate.

4.3.2 Correspondence Check and One-to-One Correspondence

But there are still some correspondence errors. Take an example shown as in Fig.1-d,
A, B, M and N are four medium contours with almost the same areas. Both M and N
are corresponded with B while A is left alone. The reason is that dis(M,B)<dis(M,A)
and dis(N,B)<dis(N,A). So Disc(M,B)<Disc(M,A) and Disc(N,B)<Disc(N,A). Accord-
ing to our criteria, M, N are both corresponded to B. This case would not happen to
big contours.

To avoid above errors, the following is the correspondence check. For each corre-
sponded contour C, CoAr(C) represents the total area of all the contours corresponded
with C. If CoAr(C)/C.Area is greater than a given threshold, there exist some corre-
spondence errors with C. Under this condition, remove all the correspondence rela-
tionship between C and its counterparts.

For each uncorresponded contour C; in S5, Co;(C;) represents the set of contours
whose discrepancy is less than a given value. Suppose the size of such a set is no
greater than 3, or else we only choose the very three of them with the smallest dis-
crepancy. Combine all C; and its corresponding Co,(C,) into a series of set pairs
(CSz1, CSip),...(CSx CSyy), so that for each two contours if they are not in the same
set pair, they can’t be corresponded.

Given set SS; and SS2, a set correspondence SC from SS; to §S; is all the corre-
spondences from contours in SS; to contours in SS;. The similarity of two corre-
sponded contours is defined by (6).

Sim,; = Jmin(Ci .Area,C,.Area)/max(C,.Area,C . Area) (6)

A position relationship constraint is used here. Suppose C;; and Cj, are two adja-
cent contours in slice Sy, so are Cy; and C; in slice S,. If Cy; is corresponded with Cy;
and Cy; is corresponded with Cj,, the position relationship between C; and Cj; is
similar to that of between C;; and Cj;. To represent this principle we define K by (7),
in which dpn=C,. Center-C,.Center. If K;u>0, C; and C; are called the supporters of
(C, Cy). If(C; C) is the correct correspondence, there exist a lot of supporters. Cy and
C, are called the opponents If K <0. Opp represents the ratio of supporters in all
candidates. A correspondence intensity CI is defined by (8).

Kijkl =(dikdjl)/max{‘ dy ‘2’\d1‘1 \2} @)

CI, = Sim (1 - opp) ®)
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For a given set correspondence from S, to S;, the set correspondence intensity is
the total correspondence intensities of all the contours in §,. If a set correspondence
SC is the correct set correspondence, its set correspondence intensity is the maximum
of the correspondence intensities of all the set correspondence from §; to S;. So the
correspondence problem from S to S; is converted into another problem, whose goal
is to find a set correspondence which has the maximum set correspondence intensity.

Generally, the size of such a set is not greater than 10. And under the above condi-
tion a simple traversal algorithm is enough to solve this problem.

4.3.3 Multi-to-One Correspondence
This section mainly talks about the possibility of the correspondence between the
uncorresponded medium or small contours and big contours.

For contour C; in S, suppose Ne(C,) represents the set of contours in S; whose
nearest distance with C; is lower than a given value. Suppose the size of such a set is
no greater than 3, or else we only choose the very three of them with the smallest
distance. Then:

1. For each uncorresponded media or small contour C, in 3.

— For each contour C; in Ne(C,), if max(C.Area, CoAr(C;))/min(C;.Area, CoAr(C}))
is greater than a given value, C; is erased form Ne(C;).

— For each contour C; in Ne(Cs), if dis(C;, C;) is the minimum of all the distances
between contour in Ne(C) and C;, C;and C; are considered to be corresponded.

2. For each uncorresponded media or small contour C; in S, conduct the same opera-

tions as step 1.

5 Results

The brachial plexus sample is composed of 842 slices and there are altogether 40568
contours in total. Tablel shows the comparison of the correspondence results between
the methods in the literates and our method. Clearly, the method in this paper pro-
vides a more satisfied solution to the problem of the correspondence between nerve
contours.

Fig. 1. a: Source image. b: Contours cluster and correspondence. c: Offsets between the adja-
cent slices. d: Correspondence error
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c d
Fig. 2. Reconstruct results of different methods.

Fig.2 displays the reconstruct results of different methods. Fig.2-a is a direct vol-
ume rendering result that barely contains worthy information. Fig.2-b is obtained
through Marching Cube algorithm, from which only surface information can be dis-
cerned. Fig.2-c and Fig.2-d are nerve bundles and nerve outer contours respectively,
which are results of contour-based reconstruction method. They successfully realize
the reappearance of the three-dimensional structure of brachial plexus including both
its outer contour and the ultra-complicated pathways of nerve bundles inside, show
the topographic anatomy of every nerve fascicle and its spatial relationship with ni-
cety localization information of sense fibers and motor ones in arbitrary sections,
present patterns of branching, cross and recombining of nerve bundles in the whole
length. So, under the circumstances, the contour-based reconstruction behaves much
better than other reconstruction methods. Now these reconstruction results have been

presented to medical experts, from which they have found many significant results
and applied the results into clinical brachial plexus repair [16].

Table 1. Correspondence results compared with other methods

method contours of miscorrespondence correct rate
Overlap 4821 88.116%
[15]’s method 4755 88.279%
W eyl S 3053 92.474%
offset elimination
our method 1068 97.367%
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Abstract. A spline-based multi-resolution 2D-3D image registration algorithm
has recently been introduced [1-3]. However, its accuracy, robustness, and effi-
ciency have not been fully investigated. In this paper, we focus on assessing
and improving this newly introduced 2D-3D registration algorithm. A phantom
and a cadaver test, together with their respective ground truths, were specially
designed for this purpose. A novel least-squares normalized pattern intensity
(LSNPI) similarity measure was proposed to improve the accuracy and robust-
ness. Several parameters that may also affect its robustness, accuracy, and effi-
ciency are experimentally determined, including the final resolution level, the
initial guess of the patient pose, the number of 2D projection images, and the
angle between 2D projection images. Our experiments show that it is feasible
for the assessed 2D-3D registration algorithm to achieve sub-millimeter accu-
racy in a realistic setup in less than two minutes, when it is used together with
the newly proposed similarity measure.

1 Introduction

2D-3D registration of volumetric data with a series of calibrated and undistorted
projection images has shown great potential in CT-based navigation because it obvi-
ates the invasive procedure of the conventional registration methods. In the past sev-
eral years, various feature-based [4-5] as well as intensity-based [6-9] rigid 2D-3D
registration algorithms have been proposed. However, registration of 2D projection
images and 3D volume images is still a largely unsolved problem [9]. The main ob-
stacles are robustness, accuracy, efficiency, and system integration [10]. A target
registration error of 1-1.5 mm on average (2-3 mm worst case), plus a 95% successful
registration rate on the first try, is normally required for the practical use of such an
algorithm in surgical guidance [10]. Shorter running time, less ultra-operative user
interaction, and fewer number of projection images required for an accurate registra-
tion are also highly appreciated in a sterilized surgical environment.

* We are thankful to S. Joni¢ for the spline-based multi-resolution 2D-3D image registration
toolbox and insightful discussion. This research was partially funded by the Swiss National
Centers of Competence in Research CO-ME.

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 294-301, 2004.
© Springer-Verlag Berlin Heidelberg 2004
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In this paper, we are interested in intensity-based 2D-3D image registration, par-
ticularly in a recently introduced spline-based multi-resolution 2D-3D registration
algorithm [1-3]. It follows the same computation framework as other intensity-based
2D-3D registration algorithms. Given a set of intra-operative 2D projection images
and a pre-operative 3D volume dataset, it iteratively optimizes the six rigid-body
parameters describing the orientation and the translation of the patient pose, by gen-
erating digitally reconstructed radiographs (DRRs) and comparing these with the
projection images using appropriate similarity measure. The difference between this
algorithm and other intensity-based algorithms lies in: 1) a cubic-splines data model
was used to compute the multi-resolution data pyramids, the DRRs, as well as the
gradient and the Hessian of the cost function; 2) a Levenberg-Marquardt non-linear
least-squares optimizer was adapted to a multi-resolution context. The registration
was performed from coarsest resolution until finer one. Accuracy of approximately
1.4+0.2 mm when starting from an initial mis-registration of approximately 9.02 mm
has been previously reported [3].

The work reported in this paper focuses on assessing and improving this newly in-
troduced spline-based multi-resolution 2D-3D image registration algorithm. A novel
least-squares normalized pattern intensity (LSNPI) similarity measure is proposed to
improve its robustness and accuracy. Several factors that may also affect its robust-
ness, accuracy, and efficiency are experimentally determined, including the final
resolution level, the initial guess of the patient pose, the number of 2D projection
images, and the angle between these 2D projection images. Assessment of these fac-
tors could provide valuable information to help clinicians improve their surgical setup
and protocol for practical use of this algorithm in surgical guidance.

The remainder of this paper is organized as follows. Section 2 briefly introduces
the spline-based multi-resolution 2D-3D registration algorithm. Section 3 presents
our novel least-squares normalized pattern intensity similarity measure. Section 4
describes our experimental setup. Section 5 presents our experiments and the assess-
ment results. Finally, section 6 discusses the results of our investigation.

2 Spline-Based Multi-resolution 2D-3D Image Registration

Spline-based multi-resolution 2D-3D image registration was first introduced by Joni¢
et al. in [1]. Here we summarize it for completeness. Details of this 2D-3D registra-
tion algorithm can be found in their previous publications [1-3].

Data Model — A continuous image model based on cubic splines was used to in-
terpolate accurately the CT volume data as well as the 2D projection images. The
advantage of using the cubic-splines data model is the possibility of having the gradi-
ent of the dissimilarity measure well defined everywhere, which is a necessary condi-
tion for accurate registration according to [3].

Synthetic Projection — A faster computation of the synthetic projection is pro-
posed in [1] by replacing the 3D interpolation with a 2D interpolation. The principle
is to adapt the sampling step for each ray casting such that only samples with an inte-
ger argument take part in the sum.
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Similarity Measure — This measures the difference between the synthetic pro-
jections and associated X-ray projections. In our implementation, a novel least-
squares normalized pattern intensity, which will be described in next section, is pro-
posed to improve robustness and accuracy.

Optimization - A Marquardt-Levenberg non-linear least-squares optimization
was adopted [1]. This optimization converges efficiently by considering all optimiza-
tion parameters in parallel and is particularly well adapted to a multi-resolution
method.

3 Least-Squares Normalized Pattern Intensity

Pattern intensity was proposed by Weese et al. [6] (see equation (1)). It measures the
“smoothness” of the direct image difference Iy = L.s~ slpgg for each pixel in a small
neighborhood. It considers a pixel to belong to a structure if it has a significantly
different intensity value from its neighboring pixels. Penney et al. [7] have reported
that pattern intensity is able to register accurately and robustly, even when soft tissues
and interventional instruments are present in the fluoroscopic images. A disadvantage
of pattern intensity is that there are three parameters need to be experimentally deter-
mined based on the properties of the CT and fluoroscope: constant 6 which weights
the function, r which defines the size of the neighborhood, and s which is a scaling
factor used to build direct image difference Ly
N p 2
TPT I oDy Gemethnt 1oyt yer 0T 5 Uaigy (5o 9) = Taigr (1))’

0]

where N is the number of 2D reference projection images, D, is the region ofinterest
in g-th projection images.

In addition, the least-squares difference (LSD) between the reference projection
images and their simulations after normalizing their respective intensity ranges (as
defined by equations (2)) was selected as the similarity measure in [3] for its simplic-
ity. The advantages of this similarity measure are that its least-squares form could be
well adapted for the Levenberg-Marquardt non-linear optimizer and that there is no
parameter to be experimentally determined. But it might be less robust and accurate
when interventional instruments are present in the fluoroscopic images.
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To improve the robustness and the accuracy and to make the algorithm more ge-
neric, a novel similarity measure called least-squares normalized pattern intensity
(LSNPI) was proposed as described by equation (3), where the difference image (L)
is defined as same as in equations (2). It has the advantages present in both equation
(1) and equations (2). Now only one parameter r, which defines the size of neighbor-
hood, must be tuned.
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4 Experimental Setup

Phantom - A rigid plastic phantom was specially designed for this study (Figure 1,
left two images). It consists of one main body and four arms that are asymmetrically
arranged on the body. Six titanium fiducial markers (Praxim-Medivision, Bern, Swit-
zerland ) were implanted in a way to minimize the error on computing the ground
truth transformation.

Cadaver — A frozen cadaver spine specimen was prepared for this study. Five tita-
nium fiducial markers were implanted on it (Figure 1, right two images). Note that the
same data set was provided to Joni¢, et al. It was previously used in [2] and [3].
Image Acquisition Protocol — Both the phantom and the cadaver were scanned by
a GE LightSpeed Ultra CT scanner (GE Healthcare, Chalfont St. Giles, United King-
dom) with same intra-slice resolution (0.36 mm x 0.36 mm) but with different inter-
slice thickness, 1.25 mm for the phantom and 2.5 mm for the cadaver, which resulted
in volume dataset size 512x512x93 voxels for the phantom and 512x512x72 voxels
for the cadaver, respectively. The 2D projection images of both the phantom and the
cadaver (four images chosen from seven images for each subject, with an angular
interval of 45°) were acquired from a Siemens Iso-C C-arm (Siemens AG, Erlangen,
Germany). They were calibrated and undistorted with custom-made software with
high accuracy [11].

Ground Truths - Both the phantom and the cadaver were equipped with infrared
light emitting diode (LED) markers to establish a patient coordinate system (P-COS)
and were tracked using an optoelectronic position sensor (Northern Digital OptoTrak
3020). The actual locations of fiducial markers were digitized in P-COS using an
optoelectronically tracked pointer and were matched to the corresponding points in
the CT volume dataset. The ground truths were then obtained using singular value
decomposition with an accuracy of 0.52 mm for phantom and 0.65 mm for cadaver.
Hardware and Software — For all experiments, we used a Sun Blade 1000 (Sun
Microsystems, Mountain View, CA) with 1 x UltraSparc3 600 MHz CPU and 1 GB
of RAM. All programming was done using Sun CC 6.2 on SunOS 5.8; additional
functionality was implemented using Qt 3.1.0 (TrollTech, Oslo, Norway).

two images: volume rendering result (third image, where cross lines show the position of a
fiducial marker in CT space) of cadaver data with visible fiducial markers, and 2D C-arm
image (forth image) with interventional instruments (delineated by black box).
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S Experiments and Assessment Results

Resolution Level — For practical use of a 2D-3D registration algorithm in surgical
guidance, there should be a balance between accuracy and running time. In this ex-
periment, we tried to investigate the relationship between the improved resolution, the
running time, and the gained accuracy. This experiment was performed only on the
phantom data with four C-arm images. Five levels of CT-volume pyramid as well as
the same levels of C-arm image pyramid were created. Based on this investigation
(see Table 1), the fourth resolution level was chosen for our later investigation.
Similarity Measure Behavior — In order to get an estimate of the behavior of the
newly proposed similarity measure, cuts through the known optimum registration
(ground truth) of the simulated DRRs for both the phantom (Figure 2, top two rows,
rotation varies from —80° to +80° and translation from —80 mm to +80 mm around
phantom ground truth) and the cadaver data (Figure 2, bottom two rows, rotation
varies from —15° to +15° and translation from —15 mm to +15 mm around cadaver
ground truth) were made by varying only one of the six parameters and leaving the
other parameters unchanged. The same has also been done with the similarity meas-
ure used in [3], which is the least-squares difference (LSD) of normalized images as
described by equations (2). It was found that there was no big difference for both
similarity measures in phantom study. However, a difference in the cadaver study,
when an interventional instrument is present in the C-arm images, was observed. In
the figure for rotation around y-axis, a clear minimum is visible for LSNPI but not for
LSD.

Initial Patient Pose — The range of the initial guess of the patient pose was deter-
mined by starting the registration from 100 uniformly distributed random positions
within a range and then taking the biggest range that had a 95% successful registra-
tion rate. It was found that the range of the initial guess of the patient pose for phan-
tom data was as much as 30° for each angular parameter and 20 mm for each transla-
tion parameter around the ground truth but only 10° and 10 mm for cadaver data.
Number of Projection Images — In this experiment, the relationship between the
number of distinct projection images used for registration and the registration accu-
racy was investigated. The results for both the phantom and the cadaver are shown in
figure 3(a). It was found that there was no direct link between the increase of the
number of distinct projection images and the improved accuracy, as long as two
nearly orthogonal projection images were used.

Table 1. The relationship between the resolution level, the time, and the gained accuracy

Resolution  CT Volume (vxls)  C-arm Image (pxls) Accuracy (mm) Running Time (s)
Initial 13.39 —
5" level 32x32x93 48 x 36 0.95 18
4".level 64 x 64 x 93 96x 72 0.67 79
3 level 128 x 128 x93 192 x 144 0.61 1085
2" Jevel 256 x 256 x 93 384 x 288 0.58 36685

1*-level 512x512x93 768 x 576 —_— Too long
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Angle Between Projection Images — This experiment was performed only on
phantom data, as the quality of cadaver C-arm images varies greatly from image to
image. Figure 3(b) shows the results in two resolution levels. It was found that using
nearly orthogonal image pair could achieve better accuracy.

Ratation "} around X-axis (Phartoem Rotation ) around Y-axs (Prartond Rotation (') around Zaxis (Phantom)
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Fig. 2. Cuts through the minimum of the newly proposed least-squares normalized pattern
intensity (LSNPI, solid line) and the least-squares difference of normalized images used in [3]
(LSD, dash line). The ordinate shows the value of the similarity measure function, which is
given as function of the orientation and translation parameters, where zero means the ground
truth for each individual parameter. The top two rows show the results on the phantom data.
And the results on the cadaver data are depicted by bottom two rows.
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Fig. 3. (a) Left: accuracy dependence on number of the projection images; (b) Right: accuracy
dependence on angle between image pair in two resolution levels.



300 G. Zheng, X. Zhang, and L.-P. Nolte

Validation Experiment — The overall robustness, accuracy, and efficiency of the
registration algorithm, together with the newly proposed similarity measure, were
validated by this experiment with cadaver data. In this experiment, only two nearly
orthogonal C-arm images of the cadaver were used. The algorithm stopped at the
fourth resolution level. The initial patient pose was randomly created from a range of
(-10°, +10°) around the ground truth for angular parameters and a range of (-10 mm,
+10 mm) for translation parameters. This was repeated for 20 times. Each time the
algorithm could successfully converge to the target registration error. The results are
shown in Table 2. The registration error was calculated using the following equation:

1 _ _ 4
IPkCT cos _ _PkP cos" 4

M = s

card(f) kef
Where As is the transformation calculated from patient pose s = (65, 0y, 0, ty ty,
t,); and f is the set of fiducial markers.

Table 2. Validation experiment results. The mean and variance of initial patient pose were
recorded as well as those of the registration results.

Resolu- Deviation in Rotation (*) Deviation in Translation (mm)  Registration = Running

tionlevel  AQ, 0By, 0B, Aty At, At, Error (mm)  Time (s)
Initial 6.542.8 63431 62427 38426 5.8%£2.9 4.7£2.4 12.0£1.7

S"level 22408 1.640.6 0.9%0.5 1.4%0.5 0.6+0.2 1.5£0.5 1.520.1 20.5%4.6

4%level 12404 04402 1003 03201 04202 08403 0.840.1 97.5+15.5

6 Discussion and Conclusion

We have assessed a spline-based multi-resolution 2D-3D registration algorithm
through a series of experiments. Several factors which might affect its robustness,
accuracy, and/or efficiency have been identified and experimentally determined. We
have explored factors related to 3D volume data as well as those related to 2D projec-
tion images. To further improve its robustness and accuracy, we have proposed a
novel similarity measure and validated it through experiments on phantom data and
on cadaver data. The results of this investigation can help clinicians improve their
surgical setup and protocol for practical use of this algorithm in a realistic environ-
ment.

The higher resolution of the data used, the more accurate the registration can be.
But the higher resolution also means a longer computation time. With the continuous
image model obtained from cubic splines interpolation, the algorithm could converge
to an accurate solution even in low resolution.

Our newly proposed least-squares normalized pattern intensity is a similarity
measure that might have the same accuracy and robustness as pattern intensity does,
but it is more convenient to use and better adapted to the Levenberg-Marquardt opti-
mizer. It was found that in a realistic setup, when interventional instruments were
present in the projection images, this similarity measure was superior to a least
squares difference of normalized images but with a cost of higher computation.
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It was suggested by Yao et al. [12] that the more distinct X-ray images were used,
the more accurate the registration could be. However, we did not find a direct link
between the increase of the number of X-ray images and the improved accuracy, as
long as two nearly orthogonal X-ray images were used. One possible explanation is
that we only tested on up to four images. But they also found that if only two images
were available, the best results were obtained when they were nearly orthogonal.

It is difficult to make strong conclusions with limited data. However, when we
look at the data, we feel that we have assessed the algorithm on a data set with good
quality (phantom) as well as on a data set with poor quality (cadaver). The assessed
algorithm can converge to an accurate solution in both situations. The validation
experiment results on the cadaver data lead us to conclude that it is feasible for this
assessed 2D-3D registration algorithm to achieve sub-millimeter accuracy in less than
two minutes, when it is used together with the newly proposed similarity measure.
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Abstract. In order to design an augmented reality system applied to
liver punctures, we devised previously the algorithms that permit to ob-
tain quickly an accurate patient to model registration. In this article
we tackle the interface design of the system. The main constraints are
the speed and accuracy with which an expert can position correctly a
needle into a predefined target. Moreover, to ensure the system safety,
the interface has to inform the expert when a registration failure oc-
curs. We present here our interface that allows to fulfill the intervention
requirements, by combining the two classical concepts: Augmented Real-
ity and Augmented Virtuality. A validation, on an abdominal phantom,
showed evidence that an expert can reach very accurately and quickly
the predefined targets inside the phantom.

1 Introduction

Fusion of intra- or pre-operative data with the reality becomes a common tool
in the fields of neurosurgery and orthopaedic surgery. This fusion enables the
medical expert to see through the patient and to guide his gesture with respect
to the additional information provided. Generally, the fusion is made thanks to a
registration between the two reference frames in which are localized the patient
and the operative data.

To design such a system, two main issues have to be tackled. Firstly, it is
mandatory, for security reasons, to assess experimentally the registration accu-
racy between the two reference frames. Indeed, if the accuracy provided does not
fulfill the constraints needed by the intervention, the medical expert is guided
by a biased information, that can lead to dangerous gesture for the patient. Sec-
ondly, we have to evaluate the efficiency and safety of the guidance interface used
by the medical expert. The interface has to allow the expert to reach the reg-
istered target with an accuracy (called here guidance accuracy) and a duration
time compatible with the intervention constraints. Moreover, the system has to
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enable the expert to detect quickly any failure before and during the intervention
(bad registration, incorrect tool tracking...).

Our purpose is to build an augmented reality system to guide liver punc-
tures during interventional radiology (preliminary works are described in [9,8]).
According to surgeons, the overall accuracy (resp. the guidance step duration)
of this system has to be better than 5 mm (resp. shorter than 10 minutes) to
provide significant help. In our setup, we stick radio-opaque markers on the pa-
tient skin and acquire a CT-scan of his abdomen just before the intervention.
Then, an automatic 3D-reconstructions of his skin, his liver and the target is
performed [10]. Two cameras (jointly calibrated) view the patient skin and a
square marker attached to the needle. This marker enables to locate the needle
position in the cameras reference frame. The patient is intubated during the
intervention, so the volume of gas in his lungs can be controlled and monitored.
Then, it is possible to fix the volume at the same value during a few seconds
repetitively and to perform the needle manipulation almost in the same volume’s
condition than the one obtained during the preliminary CT-scan. Balter [1] and
Wong [11] indicates that the mean tumor repositioning at exhalation phase in
a respiratory-gated radiotherapy context is under 1 mm. Thus, it is reasonable
to assume that a rigid registration of the markers, visible in both CT and video
images, is sufficient to register accurately the 3D-model extracted from the CT
in the cameras reference frame. A quantitative validation study on a phantom,
carried out in [9], showed that a mean registration accuracy o, of 2 mm (RMS)
was reached within the liver.

In this paper, we focus on the interface design of our system, devoted to
percutaneous liver punctures. In our context, knowing that o, = 2 mm, we can
afford at most a guidance accuracy of 1/52 — g2 ~ 4.5 mm in order to reach the 5
mm of overall accuracy. In addition, we need a quick targeting guidance (shorter
than the 10 minutes routinely needed for this kind of intervention). Eventually,
the software has to enable the expert to check quickly the correctness of the
model registration. Classically, there are two types of interface used in existing
medical computer-aided systems. One type, so called Augmented Reality, super-
imposes intra- or pre-operative data on an image of the reality [4,3]. The other
type, called Augmented Virtuality, displays the tool position in the reference
frame of the operative data [6]. We argue in Sec. 3 that each of them presents
individually advantages and drawbacks, and that an interface integrating both
approaches will provide the best efficiency.

In the sequel, we first recall in Sec. 2 how we register automatically the
reconstructed model and how we find in real time the needle location in the
camera frame. Then, we present our interface, and we show in Sec. 3 how the
double approach allows us to obtain an excellent accuracy and to secure the
system during the intervention.
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2 Principles of Our Guidance System

The overall purpose of our system is to guide the needle manipulated by the
expert toward a predefined target. This section deals with the first steps: the
computation of the transformation 7T relating the operative data to the camera
frame, and the localization of the needle. To find T, we use the fiducials that are
automatically extracted from the CT and the video images. After a matching
process, a 3D/2D point-based registration is performed to relate the model and
the patient in the same reference frame.

2.1 Automated Localization and Matching of Markers

The principle of the marker localization in the video images is based on a HSV
color analysis, followed by a component size and shape thresholding, and the as-
sumption that the skin takes up the main surface. The markers in the CT-image
are extracted by a top-hat characterization that emphasizes small singularities
on the skin surface.

The matching between the video markers is realized thanks to epipolar ge-
ometry, and, the correspondences between video and CT markers is carried out
by a prediction/verification algorithm. A validation carried out in [8] showed
that these algorithms are robust and that the overall computation time of the
extraction, matching and registration process is below 120 sec.

2.2 Registration of the Virtual Model in the Cameras Frame

We choose a 3D/2D points registration approach to provide the rigid transfor-
mation that relates scanner frame and cameras frame. The classical choice is to
optimize the SPPC criterion (see [9]):

S N ~ (k) _ p(k) VAR
m; PY(T x M,
SPPC(T) = E E fzk I 2.02(D2 i)
k=1 i=1

where S (resp. V) is the number of cameras (resp. markers), ﬁzz(k) is the observed
2D coordinates of the it* markers in the k** video image, M; is the observed 3D
coordinates of the it* markers in the CT-image, P the projective function, £F
is a binary variable equal to 1 if the i** marker is visible in the k** video image
and O if not, and T the seeked transformation. However, this criterion considers
that noise only corrupts the 2D data and that 3D data are exact. In our context,
this assumption is erroneous as the markers extraction from the CT-image is
corrupted by noise as well.

_ A more realistic statistical hypothesis is that we are measuring noisy versions
M; of the unknown exact 3D points M; (more details are given in [9]). Moreover,
we can now safely assume that all 2D and 3D measurements are independent. A
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ML estimation of the transformation 7 and the auxiliary variables M; leads to
minimize the Extended Projective Points Criterion (EPPC):

~ (k) (k) “2

EPPC(T,M,...Mn) = Z “ 2 0302 | Zzgk 12-0’2[);

i=1 1i=1

The minimization procedure is consequently modified into an alternated mini-
mization w.r.t. the seeked transformation 7, and w.r.t. the M;.

2.3 Needle Tracking

We have to track the needle location and orientation in the camera reference
frame. To realize it, we attach an oriented square marker whose corners are
automatically localized on video images in real-time using an adapted version
of the ARTkit library [5]. Then, knowing the size of the square, we are able
to localize it in the camera reference frame by minimizing the classical 3D/2D
SPPC criterion. Calibrating the relative needle position w.r.t. the square marker
with the pivot method [7], we are finally able to superimpose the virtual model
on the real one on video images.

3 A Secured and Ergonomic Guidance Interface

Our interface has to be designed and adapted for our particular application:
liver punctures. In the field of craniotomy, Grimson et al [4] superimpose the
reconstructed model on external video image of the patient skull. This approach
allows the surgeon to check instantly the validity of the registration: if the reg-
istration is false, the superimposition will be visually incorrect. However, this
kind of interface provides a view that does not correspond to the surgeon natu-
ral field of view. Realized and visualized movements can be inverted. Therefore,
it needs an important interpretation effort. Moreover, since the focal lengths of
the cameras are fixed, no zoom of the area of interest is available.

In the context of laparoscopy guidance, Lango [6] registers the 3D recon-
structed model with the patient by pointing with a tracked tool (Polaris™)
several radio-opaque markers stick on the patient skin. He proposed an interface
that showed the tool position with respect to the model. Moreover, he displays
the 3 CT=slices where the tip of the laparoscope lies. This approach is very useful
to understand the relative position of the tool with respect to the model, since
the user can choose his angle of view and an appropriated zoom. Nevertheless,
since there is no camera, it is not possible to display the 3D model on an ex-
ternal video view of the patient. Then, the quality of the registration cannot be
assessed quickly during the intervention. Indeed, this can only be done interac-
tively, at a given time point, by pointing some reference points on the patient
skin. Therefore, if the patient moves after the registration has been done, it will
undergo a bias. This analysis lead us to realize an interface that provides the
information of both approaches.
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Fig. 1. Three screens guidance interface. The bottom left image corresponds to
the augmented reality view, in which are displayed the 3D reconstruction of the
liver and the virtual needle. The top left image displays the virtual needle view
(oriented toward a marker stick on the liver surface). The right image shows the
main virtual view, in which one can see the relative position of the needle w.r.t.
the phantom. We indicate in its corner the virtual distance in mm that separates
the tip needle to the target (in this case, a marker center).

3.1 A Three Screens Interface

Our interface (showed on Fig. 1) is divided into three screens described below.
Their features and properties have been optimized with surgeons, in order to
provide them a clear and intuitive tool. Each of the action associated to each
screen can be done by another operator with a mouse action only (no keyboard
action). These considerations should reduce time consuming manipulation.

The Augmented Reality View (Bottom Left Image in Fig. 1) In this
screen, one of the two video images returned by our cameras is displayed. The
user can switch between both views, enable or disable the real time superim-
position of the 3D model on the video images, choose the transparency level of
its different elements and display the real-time extraction of the markers. Fur-
thermore, the user can superimpose the virtual needle on the tracked real needle
and monitor the real-time tracking of the square marker attached on it. Finally,
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the user can check visually the registration quality by superimposing virtual ele-
ments. If he considers that this is not acceptable (which can occur if the patient
has slightly moved during the intervention), a new extraction of the markers is
done in order to update the registration.

The Virtual Needle View (Top Left Image in Fig. 1) In order to direct
a tool toward a target, Carrat et al [2] proposed three crosses displayed on a
screen, that have to be superimposed. The optimal trajectory is represented by
a static central cross-hair. The tool tip and axis are projected dynamically on
a view orthogonal to this trajectory, and are represented by two different cross-
hairs. Although this interface enables the user to reach a correct orientation, it
is not very intuitive as the user looses any representation of the reality.

In the virtual needle screen, we propose to display a view that corresponds
to what would see a camera positioned on the tip needle and oriented along its
axis. This view was created to facilitate the orientation of the needle toward
the target point. In our interface, it is represented by a green sphere of 2 mm of
diameter. This view is easily understood by surgeons since it is very similar to an
endoscopic view they are used to. To keep a good visibility when the needle goes
through organs, the classical actions of 3D model visibility and transparency are
available.

The Virtual Exterior View (Right Image in Fig. 1) In this screen, the
3D virtual scene, composed by the 3D reconstruction and the tool represen-
tation, is rendered from a viewpoint controlled by the user. Like in a classi-
cal viewer, he can rotate, translate and zoom the elements and define their
properties (visibility and transparency). Moreover, it is possible to display as
well the CT-scan from which the reconstruction is made, and navigate through
its slices. The contrast can be enhanced like in the usual radiological viewer.
When the 3D reconstructions of the
liver and tumors are available the
medical expert guides the needle
to the tumor center, using the 3D
visualization of the tumor and tip
needle relative position. If the re-
constructions are not available, for
time or technical reasons, the ex-
pert can visualize the 3D CT-slices
instead of the 3D reconstruction.
Then, he can define the target po-
sition on a specific CT slice by a
mouse click (cf. Fig. 2). Since it is
difficult to assess visually the dis- ' :

tance between the tip needle and Fig. 2. Patient CT image displayed in the
the target, we print it inside the vir- virtual exterior view. One can see a green
tual exterior view. sphere target that was put by the user.
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3.2 Evaluation of the Overall System

The purpose of the experiment was to assess the accuracy of the needle targeting
obtained by several surgeons and engineers, using our AR guidance system. Four
targets were modeled with radio-opaque markers stuck on the fake liver inside
the phantom. Seven participants each performed 10 consecutive needle targetings
of the model tumors (cf. Fig. 3 a). During the positioning, the operator placed
the needle and stopped his movement when he thought that he had reached
the tumor center. After each trial, the time required to position the needle was
recorded, and the accuracy of the hits was verified by an independent observer
using an endoscopic camera introduced into the phantom and focusing on the
targets (cf. Fig. 3 b). Accuracy and time results are shown in Table 1.

Fig. 3. a) Setup of the experiment: the user is positioning the needle, tracked by
a stereoscopic system, thanks to the guidance interface. b) An endoscopic view
is displayed behind the user. It enabled to assess visually the correctness of each
needle targeting.

3.3 An Intuitive and Powerful Interface

The results indicate that the worst average accuracy obtained is below 3 mm,
which clearly fulfills our accuracy constraint (5 mm). In addition, the system
allows to reach the target very quickly (average time under 30 sec.) with respect
to the usual time needed for a standard percutaneous intervention (10 minutes).
A previous experiment (see [8]), in which the user was guided only by an
augmented reality screen, provided less accurate results, and more importantly
longer manipulation times. It confirms the fact that the information complemen-
tarity given by the three different screens is a powerful aspect of our interface.
It has to be noticed that each one of the three screens was used intuitively
at the same stage during the needle positioning by each person involved in our
experiment. The augmented reality view has been used at the beginning of the
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Average Minimum|Maximum Average

distance (mm) =+ std.| distance | distance |time (sec.) + std.
Engineer 1 0.95 + 0.67 0 2 25 + 5.6
Engineer 2 1.7 £ 0.97 0 3 14 +£ 2.0
Engineer 3 1.8 4+ 0.84 0 3 18 + 5.5
Surgeon 1 2.2 + 0.57 1 3 32+ 122
Surgeon 2 29+ 125 0 5 22 £ 3.1
Surgeon 3 1.3 + 1.16 0 3 32 + 3.7
Professor 0.84 + 0.48 0 1 32 £ 64

[ Al ] 1.8+ 0.7 [ - [ - [ 23873 |

Table 1. Accuracy and time results obtained by each user. The average distance,
which is always below 3 mm, fulfills our accuracy constraints (5 mm). Moreover,
the time needed is, by far, shorter than 1 minute, whereas an expert needs
routinely 10 minutes for such intervention.

needle insertion. Firstly, it was used to check the automatic skin fiducials de-
tection, the visual quality of the skin registration, and the tool superimposition.
Secondly, it allowed to define a rough estimation of a correct skin entry point
and needle orientation. During the insertion, the virtual needle view was always
used. Indeed, it seems really adapted to needle orientation problem, since the
user has only to keep the target under the cross displayed on the view: this act
seemed very intuitive to everybody. Finally, the user swapped his attention to
the virtual exterior view when the tip needle was very close to the target (be-
low 3 mm). At this moment, a little variation of the needle position produces a
big virtual view displacement. As it could make disappear the target from the
virtual needle view, each user carried out the fine positioning with the virtual
exterior view. At this step, he was helped by another operator that zoomed on
the interest zone.

4 Conclusion

In order to design an augmented reality system devoted to liver punctures, we
developed in [9,8] the procedures that allow to register accurately and quickly a
patient CT model to video images. The present article deals with the interface
design of our system. To overcome the constrains of this intervention (overall
targeting accuracy below 5 mm, and guidance duration shorter than 10 min-
utes), the interface has to enable the expert to reach quickly and accurately the
predefined target. Moreover, to ensure the system safety, it has to provide the
expert the possibility to check visually the model registration quality during the
intervention.

To fulfill these requirements, we propose a three screens interface. Its main
advantage over classical augmented reality system, is that it provides two com-
plementary kind of view: a view of the reality on which are superimposed the
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patient 3D model and the virtual needle, and a virtual view of the 3D model, in
which is displayed the current needle position.

This double approach enables the expert to check continuously the model
registration quality, and to choose the best angle of view during the needle
insertion. A validation experiment on an abdomen phantom, realized with both
engineers and surgeons, proved that our interface is very intuitive and permits
the user to reach the planned targets with an excellent accuracy with respect to
the intervention requirements. Moreover, the average time needed for a correct
needle positioning is by far smaller than the routinely intervention duration (less
than 40 sec. against 10 minutes).

In the immediate future, we plan to carry out our first validation on a patient.
In addition, we will adapt the current system to laparoscopic interventions. Our
interface will optimize the laparoscopic tool positioning before the intervention,
and it will help the surgeon by merging the 3D patient model into the endoscopic
video image.
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Abstract. The introduction of surgical robots in minimally invasive surgery has
allowed enhanced manual dexterity through the use of microprocessor
controlled mechanical wrists. They permit the use of motion scaling for
reducing gross hand movements and the performance of micro-scale tasks that
are otherwise not possible. The high degree of freedom offered by robotic
surgery, however, can introduce the problems of complex instrument control
and hand-eye coordination. The purpose of this project is to investigate the use
of real-time binocular eye tracking for empowering the robots with human
vision using knowledge acquired in situ, thus simplifying, as well as enhancing,
robotic control in surgery. By utilizing the close relationship between the
horizontal disparity and the depth perception, varying with the viewing
distance, we demonstrate how vergence can be effectively used for recovering
3D depth at the fixation points and further be used for adaptive motion
stabilization during surgery. A dedicated stereo viewer and eye tracking system
has been developed and experimental results involving normal subjects viewing
real as well as synthetic scene are presented. Detailed quantitative analysis
demonstrates the strength and potential value of the method.

Keywords: binocular eyetracking, minimally invasive robotic surgery, gaze
contingent control, eye-hand coordination

1 Introduction

The field of surgery is entering a phase of continuous improvement, driven by recent
advances in surgical technology and the quest for minimising invasiveness and patient
trauma during surgical procedures. Medical robotics and computer-assisted surgery
are new and promising fields of study, which aim to augment the capabilities of
surgeons by taking the best from robots and humans. With robotically assisted
minimally invasive surgery, dexterity is enhanced by microprocessor controlled
mechanical wrists, which allow motion scaling for reducing gross hand movements
and the performance of micro-scale tasks otherwise not possible. Current robotic
systems allow the surgeon to operate while seated at the console viewing a magnified
stereo image of the surgical field. His hand-wrist manoeuvres are then seamlessly
translated into precise, real-time movements of the surgical instruments inside the
patient. The continuing evolution of the technology including force feedback and
virtual immobilization through real-time motion adaptation will permit more complex
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procedures such as beating heart surgeries to be carried out under a static frame-of-
reference. The use of robotically assisted minimally invasive surgery provides an
ideal environment for integrating pre-operative data of the patient for performing
image guided surgery and active constraint control, all conducted without the need of
the surgeon to remove his/her eyes from the operating field of view.

The high degree of freedom offered by robotic surgery can introduce the problems
of complex instrument control and hand-eye coordination. The purpose of this paper
is to investigate the use of eye gaze for simplifying, as well as enhancing, robotic
control in surgery. Compared to the use of other input channels, eye gaze is the only
input modality that implicitly carries information on the focus of the user’s attention
at a specific point in time. This research extends our existing experience in real-time
eye tracking and saccadic eye movement analysis for investigating gaze contingent
issues that are specific to robotic control in surgery. One key advantage of using gaze
contingent control is that it allows seamless integration of motion compensation for
complex motion of the soft tissue, as in this case we only need to accurately track
velocity fields within a relatively small area that is directly under foveal vision.
Simple rigid body motion of the camera can therefore be used to provide a
perceptually stable operating field-of-view.

2 Method

2.1 Vergence as a Means for Gaze Contingent Control

One of the strongest depth cues available to human is the horizontal disparity that
exists between the two retinal images. There is a close relationship between the
horizontal disparity and the depth perception, varying with the viewing distance.
More specifically, as the fixation point moves away from the observer, the horizontal
disparity between the two retinal images is diminished and vice-versa, as illustrated in
Fig. 1a. In order to extract quantitative information regarding the depth of the fixation
point, ocular vergence which provides a veridical interpretation of stereoscopic depth
needs to be measured [1]. One method of achieving this is to measure the corneal
reflection from a fixed light source in relation to the position of the pupil. When
infrared light is shone onto the eye, several reflections occur on the boundaries of the
lens and cornea, the so-called Purkinje images. The first Purkinje image is the light
reflection from the corneal bulge, often referred to as the “glint”. Also, when infrared
light shines the eye, the relatively dark iris becomes bright. The pupil that sinks the
infrared light remains dark producing high contrast with the iris. With image
processing, the centre of both the dark pupil and the glint can be identified and
localized [2]. The two centres define a vector, which can be mapped to a unique eye
gaze direction. This is possible because of the fact that the absolute translation of the
glint and the pupil are different, as the centres of curvature of the corneal bulge and
the eye are different. Since the radius of curvature of the cornea is smaller than that of
the eye, during saccade the corneal reflection moves in the direction of eye movement
but only about half as far as the pupil moves. The combined tracking of both eyes
gaze direction, can provide the ocular vergence measure.
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Fig. 1. (a) The relationship of the horizontal disparity between the two retinal images and
depth perception, varies with the viewing distance. (b) Simplified schematic of the
stereoscopic viewer with binocular eye tracking capability. Whilst the eyes being tracked, an
individual fuses the two stereo images displayed on the monitors. His/her ocular vergence is
determined hence the fixation point in 3D can be determined

2.2 Experiment Design and System Setup

Based on the principle described above, a stereoscopic viewer with binocular eye
tracking was constructed. The optical path allowing stereo viewing is illustrated in
Fig. 1b where two TFT monitors are used to display live video feed. The purpose of
the mirrors used is to scale down the images in a size that matches the inter-pupilary
distance, thus facilitating the fusion ofthe two views into a single 3D image. By using
two eye tracking cameras built into the stereoscope we can quantify the ocular
vergence and hence determine the depth of the fixation point. Since the two gaze
vectors are expected to be epipolar, we can also determine the fixation point on the
horizontal and vertical axis. In order to establish the relationship between pupil-glint
vectors and points in 3D space, and to correct for subject specific variations of the eye
geometry, calibration is required prior to any eye tracking session.

2.3 3D Eye Tracking Calibration

For this study, the calibration for the corneal reflection and pupil centre vectors is
calculated using radial basis spline [3]. Let X = (X', X, X)) be a 1-to-1 3D vector
value function of a 4D eye coordinate vector p = (p’, p, p°, p?). Assuming further that
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vector function X can be decoupled into three independent scalar functions of vector
p, each scalar component of function X can thus be continuously interpolated with
radial basis spline, that is:

N
Xd(p)=2bid>i(p)+a-[p I]T 1
i=1
where b; is the radial basis coefficient of the corresponding basis function @; and
vector a is a global affine coefficient. The spline parameters a and b were determined
by solving the following system of linear equations:
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The radial basis function @; was defined as that of the Euclidean distance in 4D from
a given point p to the # control point p', i.e.,

®,(p)=r'Inr’ where 1 =[p~p/ ©)

The necessary condition for the coefficient matrix in (2) not being ill conditioned is
that any two given points in the 4D space are not co-planar. This criterion can be
ensured by sampling the a priori spline control point value, (X’, X°, X°), as a unique
point in the calibrated 3D volume. We perform this by presenting the observer with
27 dots in sets of 9, each set displayed in each of the three calibration planes each
with different depth.

24 Gaze Contingent Depth Recovery and Motion Stabilisation

In order to demonstrate the practical value of the proposed concept, two experiments
were conducted; one involves the use of vergence for gaze contingent depth recovery
for soft tissue. The other is used for adaptively changing the position of the camera to
cancel out cyclic motion of a tissue in such a way that the foveal field of view is
stabilized. For depth recovery, both real scenes captured by live stereo camera and
computer generated surfaces are used. Five subjects where asked to observe the two
images by following a suggested fixation path. Their fixation points where acquired
from the eye tracker while performing the experiment and the acquired depth
coordinates where recorded.

For motion stabilization, we demonstrate how gaze contingency can be used to
stabilize the apparent position of a moving target by accordingly controlling the
compensatory movement of the stereo camera. An OpenGL stereo scene is set up in
perspective projection and a target sphere is eccentrically oscillated in the Z-axis
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(depth) by keeping its X-axis and Y-axis stable. The virtual target is oscillated by
transformation of the model matrix. Any required movement of the camera is
respectively simulated by appropriate transformation of the view matrix. Free
sinusoidal oscillation was used in this experiment. To regulate the movement of the
camera, a closed feedback loop as shown in Fig. 2 was used. As the user fixates on
the target, its fixation amplitude is determined and subtracted from the preset
amplitude, which corresponds to the reference distance between the camera and the
target that we attempt to maintain constant. The positional shift of the virtual camera
is dependent on the error signal fed into the camera controller. An error of zero leaves
the position of the camera unaffected while a negative or positive error shifts the
camera closer or further away from the target. The response of the camera controller
is regulated by Proportional, Integral and Derivative (PID) gains [4]. For this
experiment the required reference distance was set to a value of +1. This means that
the camera has to be kept at a constant distance of one depth units on top of the target,
which in this experiment is set to sinusoidal oscillation with a frequency of 0.1 Hz.

. Robotic
S:t ﬁxlﬁmg Eror_Proportional] | integral | | Process | | Endoscope ._ ém;n
(R;fnpe Gain Gain Gain positional v Amplituda
SRS * shift controller mp
Distance) -

Derivative
Gain

Fig. 2. By implementing a closed feedback loop, the robotic controller will shift the virtual
camera in an attempt to maintain the fixation amplitude error signal down to zero

3 Results

Fig. 3 illustrates the depths recovered by the five subjects studied. During the
experiment, they were asked to scan with their eyes along the Y-axis of the object.
During the experiment, no visual markers were introduced and they were relatively
free to select and fixate on image features of their preference Fig. 3a shows a
comparative plot of the surface depths recovered from these subjects. It is evident that
a relatively close correlation has been achieved, demonstrating the feasibility of
veridical reconstruction of the real depth.

The same subjects were also asked to perform a similar task with synthetic images.
This is necessary since in the master control console of a robotic system both live
video and synthetically generated images are often present. Thus, it is important to
establish that similar depth reconstruction behaviour can be achieved. Similarly to the
previous experiment, the subjects were asked to follow a predefined path by fixating
at image features of their preference. The only restriction posed was that they had to
fixate at certain “landmark” areas, which correspond to either valleys or hills of
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Fig. 3. (a) The comparative results of the reconstructed depths from the fixation paths of five
subjects along with the surface used (b). The subjects followed a loosely suggested vertical
path starting from the bottom of the surface moving towards the top.
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Fig. 4. (a) Graphical comparison of each subject’s recovered depths against the actual depth of
the suggested path, along with the virtual surface depicted on the right (b).

known depth. Fig. 4 presents all the depths recovered from these subjects. The known
depth is presented as a thick line as reference.

For motion stabilization, the subjects were instructed to keep fixating on the
moving target, which will become stationary after stabilization. After a short period of
adaptation, all the subjects were able to stabilize the target, and Fig. 5 demonstrates
the constant distance between the target and the camera that the observers were able
to maintain. It is evident that the gaze contingent camera closely compensates for the
oscillation of the target. To allow for a more quantitative analysis, Table 1 illustrates
the regression ratios of the target and motion compensated camera position after
subtracting out the constant distance maintained. The mean and standard deviation of
the regression ratio achieved for this study group is 0.103 and 0.0912 respectively.
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Fig. 5. (a) Gaze contingent motion compensation over a period, performed by 5 subjects. The
shift of the subject lines along the depth axis corresponds to the required reference distance of
the gaze-controlled camera from the target. (b) Respective linear regression plot of a subject

Table 1. Error analysis comparing the gaze contingent motion compensation performance of 5
subjects

Regression Ratio Bias R?
Subject 1 0.9052 0.1200 0.9161
Subject 2 0.9641 0.2031 0.9335
Subject 3 0.8919 0.2714 0.8751
Subject 4 0.9328 0.0876 0.9379
Subject 5 0.9692 0.0171 0.9741

4 Discussion and Conclusions

In conclusion, we have demonstrated two important features related to gaze
contingent robotic control. Deploying robots around and within the human body,
particularly for robotic surgery presents a number of unique and challenging problems
that arise from the complex and often unpredictable environments that characterise
the human anatomy. Existing master-slave based robots such as the daVinci system,
which embodies the movements of trained minimal access surgeons through motion
scaling and compensation, are gaining clinical significance. Under the conventional
dichotomy of autonomous and manipulator technologies in robotics, intelligence of
the robot is typically pre-acquired through high-level abstraction and environment
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modelling. For systems that require robotic vision, this is known to create major
difficulties. The ethical and legal barriers imposed on interventional surgical robots
give rise to the need of a tightly integrated perceptual docking between the operator
and the robot, where interaction in response to sensing is firmly under the command
of the operating surgeon. The study presented here is a first step towards this goal and
from our knowledge this is the first of its kind that have been demonstrated in normal
subjects for both real and synthetic scenes.

It is interesting to note that for two of the subjects studied (2 and 5) for motion
compensation, near perfect compensation was achieved. These particular subjects had
the opportunity to spend more time performing the experiment over several sessions,
suggesting experience of the system plays a certain role in the ability to stabilizing the
motion of an oscillating object. It should be noted that there are a number of other
issues that need to be considered for the future integration of gaze contingency to the
robotic control such as dynamics of vergence [5][6] and subject/scene specific
behaviour of the eye [7][8]. Other issues related to monocular preference [9], visual
fatigue [10] and spatial errors that arise when portraying 3D space on a 2D window
[11] will also need to be considered.

It is worth noting that for the motion compensation study it was assumed that the
target oscillates along the visual axis of the camera. In a real situation, the mode of
oscillation of a fixated tissue could be in any direction. Realigning the visual axis of
the camera with the oscillation axis could be achieved by also taking into
consideration the eye-tracking acquired oscillation components along the X-axis and
Y-axis. This issue needs also further investigation.
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Abstract. Recent technical advances in electromagnetic (EM) tracking
have facilitated the use of EM sensors in surgical interventions. Due to
the susceptibility to distortions of the EM field when placed in close prox-
imity to metallic objects, they require calibration in situ to maintain an
acceptable degree of accuracy. In this paper, a freehand method is pre-
sented for calibrating electromagnetic position sensors by mapping the
coordinate measurements to those from optical trackers. Unlike previous
techniques, the proposed method allows for free movement of the cali-
bration object, permitting C? continuity and interdependence between
positional and angular corrections. The proposed method involves calcu-
lation of a mapping from {IR?, SO(3)} to {IR3, SO(3)} with radial basis
function interpolation based on a modified distance metric. The system
provides efficient distortion correction of the EM field, and is applicable
to clinical situations where a rapid calibration of EM tracking is required.

1 Introduction

1.1 Background

In image-guided surgery, optical tracking has become the method of choice for
coordinate measurement due to the linearity, stability and accuracy of these sys-
tems. One disadvantage associated with this technique is that line-of-sight must
be maintained between the sensor markers attached to the patient or instru-
ment. This can be inconvenient in-theatre and limits the possibilities of tracking
intrustments inserted in patients. On the other hand, Electromagnetic (EM)
trackers have been available for many years and offer a low cost solution for
surgical navigation. A well known problem is that such systems suffer from dis-
tortions near metallic objects, which has prohibited their intraoperative use. The
recent development of miniature EM trackers, however, has led to a resurgence
of interest in this field. These trackers are sufficiently small (~1mm x 8mm) to
be inserted into catheters or endoscopes placed inside the patient. An important
use for these miniature tracking sensors is in augmented reality applications for
improving diagnostic accuracy and surgical planning. Diagnosis is made more
reliable, and in reduced time, when the specialist is no longer burdened with the
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© Springer-Verlag Berlin Heidelberg 2004
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cognitive task of fusing together multiple modes of data, such as 2D video and
3D tomographic images. Normally data fusion is achieved via the use of image
registration algorithms, however most methods to date require very favourable
initialisation conditions to ensure a successful registration. The advent of high
precision tracking equipment compatible with in vivo usage, offers the poten-
tial of improving the robustness of current data registration techniques. Regis-
tration of 2D and 3D data is of particular importance in applications such as
bronchoscopy. The ability to visualise the position of the endoscope in the CT
scan has been proposed as a useful adjunct to conventional bronchoscopy [1, 2].
Further enhancement may be achieved by aligning the endoscopic images to a
virtual view based on the CT scan [3] via 2D/3D registration, thus facilitating
the display of virtual structures not visible in the endoscope view [4]. Reliability
of the data fusion process can be improved by tracking the endoscope’s loca-
tion and orientation. To this end, bronchoscopes and other flexible endoscopes
necessitate the use of miniaturised EM trackers in locating the viewpoint from
which video is being captured. An important issue related to this approach is the
presence of metal objects in the measurement volume which has a negative im-
pact on the accuracy. Ferromagnetic interference distorts electromagnetic fields,
introducing bias in measurements, hence EM tracking systems always need to
be calibrated to counteract these field distortion effects.

1.2 EM Tracker Calibration

The problem of field distortion when using EM position sensors is not new. A
number of methods have been proposed which correct for such distortion by using
other reference position measurements. A good review of techniques is provided
by Kindratenko [5], which covers virtual reality applications such as the CAVE.
In these systems it is possible to remove most of the metal from the environment,
thereby reducing the associated distortions. Some of the methods correct only for
smooth distortions using global polynomials [6], and others provide more local
interpolation of errors. In all cases, the orientation and position displacements
are assumed to be dependent only on position, i.e. the errors are assumed not
to change with orientation. Livingston and State, who used a look-up table
with trilinear interpolation, made measurements indicating that this assumption
was not valid [7]. The method they presented did not correct for orientation
dependent errors as they suggested that a full 6D look-up table was impractical.

There have also been extensive clinical applications of EM calibration. Birk-
fellner et al have suggested hybrid optical and EM tracking to overcome the
line-of-sight problem [8] in image-guided surgery, using Livingston and State’s
method. Nakada et al suggested a freehand method [9] using a global 4th order
polynomial approximation similar to that of Ikits [6]. Wu and Taylor have stated
that interdependence occurs between positional and orientation error in the case
of the tracker we are using, the NDI Aurora [10]. Their solution is to provide
a smooth interpolation of positional error using Bernstein polynomials and to
use linear interpolation of angular error (along the arc) between different orien-
tations of the tracker. They use an object with accurately machined grooves to
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mount the sensors and the whole object can be moved by a small plastic robot
to provide a regular grid of sample points.

In practice, the choice of calibration method is dependant on the application
domain and for bronchoscopy tracking the calibration method needs to consider
dynamic bronchial distortion due to cardiac and respiratory motion. Since the
accuracy of EM trackers is reduced when tracking objects in constant motion, it
is not absolutely necessary to obtain static measurements when performing the
calibration. Furthermore, the method needs to be simple enough to implement
in a clinical environment. Although a robotic solution shows great promise, as-
sembling a six degree of freedom robotic arm made from EM neutral materials,
in practice, introduces concerns regarding reliability, accuracy, and complexity.
These considerations suggest a freehand method of calibration that involves col-
lecting positional measurements distributed irregularly and sparsely within the
measurement volume. An important challenge of any freehand method is ensur-
ing that there is adequate coverage of the target domain which, in this case, is
six dimensional. The system should be flexible and not rely on an unchanging
set of static positions and orientations, hence interactive feedback is proposed so
that the calibration process adapts to measurement data as they are collected.
In the absence of stationary positions of measurement, sensor velocity will have
to be monitored since the accuracy of the EM tracking system is reduced when
the sensor is in motion. Measurements acquired during rapid motions of the sen-
sor will have to be discounted and suitable feedback issued via the GUL It is
also important to realise that measurements will tend to be scattered irregularly
over a six dimensional domain, so interpolation methods that assume rectilinear
grids can no longer be applied.

2 Method

2.1 The Electromagnetic Tracker

For this study, an NDI Aurora EM tracker is used. A typical configuration of
the NDI Aurora comprises of a field generator and one or more sensors. The
field generator must be fixed in position and orientation in close proximity to
the patient. There are two types of sensors, differentiated by the number of coils
used to construct the tool. The single coil sensors are small enough for use in
catheters and biopsy channel guide wires. Having only a single coil they are
limited to reporting position and direction only (i.e. five degrees of freedom).
Dual coil sensors must be used in larger tools since they typically contain two
coils fixed at an angle to allow both position and full orientation to be reported
(i.e. six degrees of freedom). The Aurora system is particularly suited to track-
ing flexible endoscopes during a minimally invasive intervention as shown in
Figure 1. This will typically employ a single coil sensor due to size restrictions
imposed by the dimensions of the biopsy channel or catheter. A 6DOF sensor is
also fixed to the patient in order to correct for any patient motion during the
procedure, since it is impractical to fix the patient into a rigid relationship with
the field generator. The volume over which the Aurora system can effectively
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Fig. 1. A typical configuration for electromagnetic tracking systems in a clinical
setting. (inset) Optically tracked calibration tool is shown with EM sensors
attached.

track the sensor consists of a cube with 500mm sides located 50mm from the
field generator. In an environment free from electromagnetic interference, the
Aurora has static positional accuracy of 0.9-1.7mm and an orientation accuracy
of 0.5 degrees [11].

2.2 Ground Truth

In order to correct for the error resulting from electromagnetic distortion, the
absolute position and orientation must be determined by an alternative method
to serve as the ground truth. An optical method was adopted that involved the
tracking of infrared markers using the highly accurate stereo cameras of the NDI
Polaris tracking system. In a passive configuration Polaris is capable of 0.35mm
accuracy over a measurement volume of 1-2 cubic metres. To fix the two types
of Aurora sensor and the passive infrared markers into a single rigid frame, a
special handheld tool was machined from a 100mm wide cube of perspex shown
in Figure 1 (inset).

The error correction applied to SDOF sensors cannot, in general, be used
to correct errors in 6DOF tools, because positions of individual coils are not
provided by Aurora. For this reason, the calibration method must correct for
errors in position, direction and orientation. To facilitate this, recesses for both
SDOF and 6DOF were machined into the surfaces of the handheld tool. Since
only one face of the cube can be optically tracked, the SDOF sensor has three
places in which it can be inserted, while the 6DOF reference tracker has six
places, to ensure adequate coverage of all orientations when measurements were
made.

2.3 Measurement Collection

Measurements were collected by moving the perspex cube through the Aurora
measurement volume while rotating the tool through a pre-planned set of orien-
tations to ensure adequate coverage of the six dimensional space. This is difficult
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to achieve in practice without computer assistance, hence a graphical interface
was designed to guide the user towards all relevant areas in the measurement
volume. The GUI displays a number of preset virtual targets through which the
tool must pass while being rotated through a fixed set of orientations. Seldom
will the user be able to hit every orientation in every target, hence the GUI
can also show the specific orientations at each target that the user may have
missed. The flexibility of this approach allows the system to be initialised with
any arbitrary set of virtual targets. In the absence of stationary positions of
measurement, sensor velocity had to be monitored and data acquired during
rapid movements were discounted, thus ensuring an optimal trade off between
calibration speed and measurement accuracy.

2.4 Error Correction

Corresponding measurements of position and orientation from the Aurora and
Polaris tracking systems were collected. In an environment free from ferromag-
netic interference there should only be a single rigid coordinate transformation
relating all measurement pairs. However, in the clinical environment, the close
proximity of metal introduced a non-rigid bias in the Aurora data. These dis-
crepancies were assumed to have six degrees of freedom that were functionally
dependent on both position, expressed as Cartesian coordinates p = (z,y, 2),
and orientation, expressed as a quaternion q = (s, gz, gy, g-). To ensure smooth
interpolation over this six dimensional space, a radial basis spline framework was
extended to cater for the non-Euclidean nature of orientation space.
The error in position was modelled by the following equation:

cros(p,0) = 3 Wil (ri(p, @), %) 1)

where w; is a triple (Wiz, Wiy, wiz) and the basis function, U(r, ), is any radially
symmetric kernel. A Gaussian with a standard deviation, o;, was used. The
distance, 7;, is measured in six-space from a finite number of control points
(Pi, qi):

Ti((mvya Z), q)2 = (iL‘ - mi)2 + (y - yi)z + (Z - zi)2 + a2d(q, qz) (2)

where d(q,qi) measures distance in orientation space, and « is a scaling pa-
rameter relating positional distance with orientation distance. There are two
equations for d depending on the type of tool being calibrated. For 6DOF tools,
d(q,q;) = (1 — p2),where ¢ = qiq~!, calculated using quaternion multipli-
cation. Since the orientation of SDOF tools reported by NDI Aurora is in-
variant to rotation about the tool’s local z-axis, for calibrating SDOF tools
d(q,qi) = (1 — 0 - 03)

The error in orientation was corrected for by using unit quaternion splines
that support simple derivatives [12]:

€ors(P, ) = wo | | ezp(Wi(p, @)log(w;ywr)) (3)
i=1
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where w; are unit quaternions, W;(p,q) = Z;‘;il Vi(rj(p,q)), and Vi(p,q) =
U(ri(p,q),0:)/ > Ui(ri(p,q),0:). The logartihmic and exponential maps are
defined by Kim et al [13]. For orientation error for SDOF tools, dgroundtruth =
€oriaurora€, s where d denotes vectors in direction space.

A clustering method was adopted to automatically select suitable values for
o; in Eqn 2. Six-tuples of the form (p, ep05) Were clustered using the k-means
method which yielded positions for k& control points. The orientation of each
control point was set to the mean quaternion of the corresponding cluster, found
by averaging rotations [14]. o; is the RMS 3D distance in each cluster consid-
ering the p components only. A similar method can be applied to per cluster
quaternion distributions in choosing a value for «. This strategy has the desir-
able effect of automatically adapting kernel size and aspect ratio to the local
error distribution in the immediate vicinity of each control point.

3 Results

Paired tracking data was collected in two different environments, an office and a
hospital bronchoscopy suite. In the office environment, a 2m tall metal frame was
placed at varying distances (70cm, 55cm and 40cm) from the field emitter. The
frame was carefully positioned so that no part of it lay inside of the measurement
volume. In the hospital environment, the Aurora was positioned behind a metal
examination bed in a room containing other pieces of equipment with a high
proportion of metal. In this situation, Aurora would only track sensors in 70%
of the measurement volume. Since the accuracy falls when tracking fast moving
objects [11], any tracking data above a threshold velocity was discarded. This left
more than 600 points per dataset. For each tracking dataset, the error function e
was fit using half of the points, the other half being used for validation. Figure 2
summarises the results and demostrates the robustness of the technique against
increasing levels of EM distortion.
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Fig. 2. RMS error in position and orientation before and after correction for 4
different datasets.
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The local effect of the spline correction on positional and orientation error is
illustrated in Figure 3(a). It is known that absolute error increases with distance
from the field generator and this effect is exagerated by EM interference. The
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Fig. 3. (a) Local error in position before and after correction. Errors have been
plotted against distance from the field generator. Electromagnetic interference
was introduced via a large aluminium frame placed outside the measurement
volume but within 40cm of the field generator. (b) Overall measurement error
of the system varies with the speed at which tool is moved.

accuracy of the calibration data also depends on the speed at which the tool is
moving as illustrated in Figure 3(b). The speed was estimated using tracking
data reported by Polaris while Aurora tracking data was rigidly transformed to
the Polaris coordinate frame for comparison with standard deviation indicating
the measurement error. In summary, the technique presented can achieve an
accuracy comparable to that which is achievable in an environment free from
EM interference.

4 Conclusions

In this paper, a user-friendly system for calibration of an EM tracker that com-
pensates for local field distortions has been proposed and investigated. The free-
hand system has been tested in a bronchoscopy suite where metal is present in
the patient couch. The methods are applicable to any situation where tracking
within a patient is required in an environment that may cause EM interference.
The proposed system is flexible enough to allow any configuration of 6D tar-
gets and is applicable to both SDOF and 6DOF sensors. In contrast to previous
methods, there is no need to fully populate the 6D measurement domain since
the radial basis spline is designed to cope with irregular and sparsely distributed
data points. Finally, by not relying on stationary sensor measurements, and ex-
ploiting the trade off between sensor velocity and accuracy, calibration time can
be reduced significantly.
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Abstract. Although frameless stereotactic neuro-surgical navigation systems
are widely used in many neuro-surgical centers around the world, most of the
systems still require the user to define the position of fiducial markers manually
from patient scans, a procedure that is tedious, time consuming and often inac-
curate. Some researchers have addressed this problem, but they acknowledge
that their 2D image processing approach has limitation. We propose a new
automatic approach for 3D localization of the fiducial markers, which provides
higher 3D localization accuracy, and is independent of the geometry of the
marker. Our approach includes three steps. First, sets of 3D morphological op-
erations are employed to extract the candidate fiducial markers as the “seeds”.
Then a “conditional dilation” technique is employed to reconstruct the regions
of fiducials from the “seeds” which are sifted by several knowledge-based
rules. Lastly, the intensity-weighted centroid of each extracted fiducial region
is calculated as our final fiducial position. The approach is validated by simu-
lated datasets and a CT phantom scan where the average Fiducial Localization
Error (FLE) is 0.37mm and 0.31mm, respectively.

1 Introduction

When performing minimally invasive surgical interventions, the surgeon’s direct
view is restricted. Recent progress in computerized imaging techniques has provided
pre- and intra-operative images which are exploited to obtain information about the
interior of the body. This has increased the use of minimally invasive techniques in
general and in brain surgery [1] in particular. Image-guide procedures [2,3] are being
employed with increasing frequency in the operating room.

A fundamental requirement for image-guided surgery is that the preoperative im-
ages be precisely registered with the patient. Many stereotactic systems employ a
frame to satisfy the need for accurate co-registration and probe guidance. However,
this approach is often limited since the presence of the frame can be a physical con-
straint during surgery. The use of computer-based tracking systems using skin
mounted or implantable markers provide us with means to address this limitation.
These so-called “frameless” stereotactic systems provide the surgeon with naviga-

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 329-336, 2004.
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tional information, relating the location of instruments in the operative field to preop-

There are four different techniques
used in co-registration of current frame-
less stereotactic systems [4]: Point-based
methods; Edge methods; Moment meth-
ods and “Similarity criterion optimiza-
tion” methods. Point-based methods
using fiducial markers are considered to
be quick and reliable [S], and represent
the most commonly used approaches.

Several kinds of fiducial markers are
employed in current image-guided sur-
gery systems. Some of them are rigidly
implanted in the skull [6], but are both
time-consuming to apply (requires a
separate surgical procedure) and painful
for the patient. An alternative to implanted marker is the fiducial that is attached to the
skin on the patient’s head. An example of this kind of marker (Aesculap -- Tuttlingen,
Germany) attached on a phantom head is shown in Fig.1.

We employ the term Fiducial localization as the determination of the centroid of a
fiducial marker in the acquired image. Wang et al [7] described a method to localize
the implanted fiducials using a knowledge-based technique, which is limited to 2D
image processing and fiducial markers of a particular geometry. In this paper, we
propose an automatic fiducial localization approach using a set of fully 3D morpho-
logical techniques. The approach is validated using simulated datasets and a phantom
CT scan. Furthermore, our method is not restricted to a particular geometry of fiducial
marker.

The rest of the paper is organized as follows: in section 2, after a brief review of
mathematical morphology, we describe a fiducial marker detection algorithm using
3D morphological segmentation techniques. In section 3, an intensity-weighted cen-
troid is introduced to determine the fiducial positions, and experiments using both
simulated datasets and a CT phantom scan are implemented to validate the proposed
approach in section 4.

Fig. 1. Fiducial markers attached to a
head phantom

2 Morphological Treatment for the Detection of Fiducial Markers
2.1 Morphological Operations

Mathematical morphology is a powerful technique for the quantitative analysis of
geometrical structures. It consists of a broad and coherent collection of theoretical
concepts, nonlinear signal operators, and algorithms aimed at extracting objects from
images.

We define a 3D image f as a subset of the 3D Euclidean space ( f €R?), and a 3D

structuring element keR®. The four basic operations can be defined as follows:
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Dilation: fEBk:bUk({a+b|a efh ey
Brosion: f© k =(({a-blae f}) @
Opening: f ok = (b;kea k) ek 3)
Closing: fek=(fok) ®k @)

Many other morphological algorithms are derived from these four operations. Top-
hat transformation (shown in Fig.2) and Conditional Dilation (C-Dilation) are two
typical algorithms employed in our approach for feature extraction and region recon-
struction, respectively. They are defined as:

Top-hat: T(f,k)=f~(f oy k) )
C-Dilation: B, =(B,_, ®k)N| f |, (B,eR’,i=12,.). (6

Here, o denotes an Opening operation on a grayscale image, and | f |5 , the mask

gray
of the operation, is the result of a threshold operation using gray level G. The iteration

in (6) is repeated until there is no change between B, ; and B, .

Groy Level

Scan Line

Fig. 2. Top-hat transformation in one dimension. Where dark gray area in upper
figure stands for opened image, and the difference between the source and opened
images is depicted in the lower figure as the TT result.

3 Fiducial Marker Detection

Our fiducial marker detection algorithm is based on the 3D morphological segmenta-
tion techniques outlined above. Processing is divided into three steps: candidate fidu-
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cial marker region detection, fiducial marker seed reconfirmation and fiducial marker
region recovery.

The first step is designed to detect fiducial marker regions from an entire 3D data
set using a top-hat transformation (TT). Since the fiducial markers are designed to
present a high intensity level in the input data set and have a standard dimension, the
TT can effectively detect them using a 3D spherical structuring element with a size
just greater than the largest dimension of the fiducial markers. This detection ap-
proach is independent of the shape information of the fiducials. A concept description
of the TT function is shown in Fig.2 and defined by equation (5). After we calculate
the  T(f,k), it is threholded into a binary image | 7| ¢; to distinguish the fiducials
from other parts of the image. The intensity level G; is determined by the histogram
of the TT result 7(f,k). Then a binary Opening operation using a spherical structur-
ing element with a diameter of 3 is employed to reduce the remaining noise. This
procedure provides us with our candidate fiducial “seeds”. The entire processing can
be interpreted as a 3D sphere employed to search the 3D input data space to find the
objects within a specific high intensity level and with a size smaller than the sphere.

To avoid missing detected fiducial seeds, we confirm every fiducial candidate in
the second step, using the following criteria:

1. The distance between every two fiducial seeds should be larger than a con-
stant D. Since fiducial markers are required to be distributed as evenly as
possible over an approximately spherical surface, seeds with spacing smaller
than D are considered as error candidates which need to be further identified
by the next criterion.

2. The intensity of the fiducial seeds in the source image should be in the same
range. Since the fiducial markers are made of the same material, a fiducial
candidate with an intensity value out of the reasonable range is considered to
be an artifact. We note that for MR images, the image should be corrected
for rf-inhomogeneities, to ensure that this condition is met.

Such erroneously detected seeds R, are discarded during this step and the final
entries E are stored:

E=| T(f’k)lGl oksphere_B —Rerrar 4 (7)

which are pushed into the next step to accurately define the fiducial regions.

During the threshold operation in TT and the noise reduction processing in equa-
tion (7), parts of the fiducial contours are destroyed. A morphological “C-Dilation”
algorithm is then employed to recover these lost regions. The concept of the c-
dilation function is defined as equation (6), where the mask is defined as | f* |5, when

the starting Marker M = B, =E in the iteration. The threshold level G, employed
here is determined by a histogram analysis of the source image. For CT, G, is setto a

value just higher than that of bone value resulting a mask containing the complete
fiducial regions. When the condition of B, = B, ,is satisfied, the iteration stops

automatically, and the final fiducial regions are obtained accurately.
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4 Localization Approach

The only assumption we make about the fiducial markers is that they incorporate a
spherical depression, matched to a probe tip, which is precisely located at the centroid
of the marker. In this manner, accurate identification of the fiducial centroid will at
the same time identify the position located by a probe.

Intensity-weighted centroids of each extracted fiducial marker region are used as
our fiducial localization results. Intensity weighting implies that the voxel coordinates
of the fiducial components are weighted by their intensity. First, the final extracted
binary fiducial regions are converted to gray scale by a voxel-based multiplication
with the source image. Then the centroid coordinates (X, Y, Z) of the intensity
weighted fiducial regions are calculated separately:

i max

x,.A(x,.) . j max k max
X = é 5 A(x,) = Z Z[(xi’yj,zk) 8
z A(x,) Jj=0 k=0
i=0
yA(y ) imax k max
y = =° ;; Ay ) = z I(x,,9,;.2,) ®
& i=0 k=0
2 A
j=0
k max
z, A(z,) o
k & . imax j max
Z=t2 > Az, = I(x,y,024) (10)
i=0 j=0
> Az,) )
k=0

Here, I(x,, Vs z,) is the intensity value of a voxel in the fiducial region, and imax,

Jjmax and kmax are the numbers of voxels in the X, Y, Z directions in a fiducial region
respectively.

5 Validation

5.1 Modeling Study

To validate the proposed approach, we created a series of 3D volume datasets with
ten model fiducial markers in each, for use in a simulation experiment. The size of
each dataset was 512x512x120 with /mm spacing between pixel centers. We employ
a cylinder-shaped object with radius r = 6mm and height & = 4mm as the fiducial
marker, which is the exact dimension of a typical real fiducial marker shown in Fig.1.
The whole modeling processing is described as follows.

After the 3D volume is created, ten fiducial centers, randomly selected in 3D
space, are recorded as the target fiducial positions. The ten fiducials are automatically
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brought into the data volume one by one in a random manner according to the follow-
ing algorithm:

1.  Create a 20 times enlarged cylinder-shaped fiducial marker in a 300x300
%300 temporary volume region with a size of r = /20 and height 1 = 80,
where the center of the fiducial is exactly at the center position of the tem-
porary region. This enlargement is designed to model the fiducials more
precisely.

2. Rotate the fiducial marker randomly in three directions.

3. Shrink the whole temporary region back to the original dimension with
Imm pixel distance. We assign the average value of every 20 voxels, to the
new corresponding voxel in the shrunken region where the model fiducial
marker is finally created. This step simulates the partial volume phenome-
non that occurs in practice.

4. Place the created fiducial back to the 3D volume dataset at the position of
the corresponding fiducial center.

5. Repeat for all markers in the volume.

In the second step, we blur the created dataset by a normal distribution convolu-
tion kernel:

1 1 x-m
x) = exp[ -~ ; an
g(x) oo pl ( )’
where, we set m =0, and § range from 0.5 to 2.0 to evaluate the effect of different
image resolutions. The convolution which is accomplished in 3D space, is defined as
follows:

i~1 j-1 k-1

f[M,n,0]®g[i,j,k]=ZZZf[m a,n—a,o-clgla,b,c] (12)

a=0 b=0 ¢=0
5.2 Phantom Study

A CT scan using the head phantom shown in Fig.1 was employed to further validate
our proposed approach, and in particular to demonstrate that our thresholding and
morphological operations could robustly separate the markers from underlying struc-
tures. This image contains 45 slices with 3mm thick; each slice contains 512x512
pixels of 0.48mm spacing; 8 cylinder-shaped fiducials are randomly attached to the
phantom surface, where a concave pivot is located at fiducials’ center for pointer rest.
Three enlarged cross section views of an example fudicial (#2) are shown in Fig.3,
where the highlighted dots labeled with number “2” indicate the automatically de-
tected fiducial position using our proposed approach. Detected fiducial markers with
labels can also be identified from the 3D volume viewport.

5.3 Experimental Results

Experiments using a series of model datasets and a CT phantom scan were imple-
mented to evaluate our proposed algorithm. Model datasets include an in-plane
(without rotation) fiducial dataset (IPFD), a dataset without blur (DWOB), four
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datasets with blur ranged from § = 0.5 to 2.0 (DWBO0.5 ~ DWB2.0), and a full data-
set with rotation andblur (6 =1.0) (FDRB). Fiducial Localization Error (FLE) [6]
is employed here to measure the accuracy of the proposed fiducial localization ap-
proach, which is defined as the Euclidean distance (in mm) between detected fiducial
position (DFP) and the randomly selected target fiducial position (TFP). For the
phantom scan, we employ manually defined fiducial position as the TFP when the
automatically detected fiducial position as the DFP. The results are shown in Tab.1,
where FM1 ~ FM10 refer to the 10 fiducial markers in the experimental datasets.

Fig. 3. Fiducials in a CT phantom scan with their TFP

Table 1. Fiducial localization errors (FLE) (in mm)

(gﬁ) FM_1 FM_2 FM-3 FM_4 FM_5 FM_6 FM_7 FM_8 FM_9 FM_10 | Aver-

age

IPFD | 029 016 024 033 023 039 029 035 022 026 | 027
DWOB| 042 037 049 034 039 019 046 044 036 038 | 038
DWB0.5| 032 039 045 04 053 019 041 042 047 032 | 039
DWB1.0| 041 023 053 042 037 048 027 043 035 042 | 039
DWBIL5| 037 049 033 021 054 038 05 044 032 035 | 039
DWD20| 035 041 039 046 048 035 042 043 023 046 | 0.40
FDRB | 043 029 039 035 034 044 052 035 038 041 | 039
Average| 037 033 040 036 041 035 041 041 033 037 | 037

Phantom
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0.4
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0.4
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6 Discussion

The 3D localization technique for fiducial markers described in this paper is based on
full 3D morphological segmentation algorithms, which reduces the dependence on the
shape and the orientation of the 3D fiducial markers. In contrast, the 2D segmentation
algorithm described in [7] depends on the orientation of the marker, and the orienta-
tion has an effect on the shape of the 2D cross section. Moreover, it may result in a
marker cross-section not being identified.

We are undertaking further experiments using both the phantom and patient CT
and MRI scan to validate the proposed approach, where a variety of fiducial marker
geometries will be tested, and validated against frame-based localization approaches.

7 Conclusion

An automated fiducial marker localization algorithm is proposed for image registra-
tion in frameless stereotactic neuro-surgery navigation. The approach is designed to
work with different types of fiducials using multi-modality images. The algorithm is
validated by a series of simulated datasets and a CT phantom scan showing FLE is in
the order of 0.37mm and 0.3 1mm, respectively.
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Abstract. We present a novel method of contact modelling for discrete
deformable models. Our algorithm is used to simulate contact between
rigid surgical tools of arbitrary shape and deformable virtual organs
bounded by triangular mesh surfaces. It uses a divide and conquer strat-
egy to redistribute an arbitrary field of displacements on organ surfaces
into an equivalent field of displacements at the nodes. The computa-
tional complexity depends on the size of the touch field, but not on the
size of the mesh representing the organ. Our algorithm results in accu-
rate modelling and can be used in real-time applications requiring haptic
feedback.

1 Introduction

Modelling of the interaction between virtual organs and virtual surgical tools
is a key aspect in the design of a surgical simulation system. See Basdogan et
al. [1] for a recent review on the major issues of this complex topic, including
interaction with soft tissue. In general, this interaction can be described by the
three major components shown schematically in Fig. 1: collision detection, con-
tact modelling and collision response. Collision detection identifies the objects
of a virtual scene that are in contact. Contact modelling determines the shape
of the area of contact and possible field of interpenetrations, in the case of de-
formable objects. Collision response determines how the objects react to contact,
by moving, deforming and/or providing force feedback.

Collision ? Contact % Collision
Detection Modelling Response

Fig. 1. The three major components of modelling interaction.
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While collision detection and collision response have been studied extensively,
contact modelling for deformable models has received relatively little attention
in the literature.

Hansen et al. [4] address the problem of contact modelling for organs and
tools represented as discrete meshes, by inserting extra vertices to accurately
model the deformation. Adding vertices means the models used by the colli-
sion response algorithm have to be restructured. In the case of a finite element
method (FEM) collision response algorithm, the model matrices are altered and
have to be re-calculated, causing a significant performance degradation. The au-
thors therefore propose an algorithm that partially moves vertices close to the
tool, based on a simple linear relationship. This method provides a set of dis-
placements on nodes that can be tuned for increased realism. The displacements
result in a smooth deformation calculated in a fast and efficient manner. How-
ever, tuning of the algorithm is not trivial and is dependent on the nature of the
organ being modelled. Furthermore, the algorithm operates on nodes and does
not consider contacts between the tool and the surface triangles. This results in
inaccurate approximations in the modelling of the contact, especially if there are
only surface triangles, and no nodes, involved in the collision. It also does not
consider arbitrarily shaped or multiple tools.

Picinbono et al. [5] note the limitations of a common technique for contact
modelling, referred to as the penalty method in the literature. This method
applies a force, proportional to the penetration depth, to all triangles in collision
with the tool. The authors, however, state that this method does not respect the
geometry of the contact and does not guarantee that the collided faces will follow
exactly the displacement of the tool, and therefore choose a geometric approach,
rather than a physical one. A projection plane is defined, based on the contact
area, the direction of the tool and the average normal of all collided faces. The
vertices are then projected orthogonally on the normal to the projection plane.
This method works well for contact made using a tool of simple shape. It also
utilises information about the surface triangles rather than just the nodes, to
provide a more realistic result, and ensure no interpenetrations will occur after
displacement of the nodes. It is however not general enough to consider contacts
made using a tool of complex shape. Furthermore, all vertices are projected in
the same direction, leading to approximations that reduce accuracy.

A displacement-velocity correction method of contact modelling has been
developed by Raghupathi et al. [7]. This method follows on from a collision
detection method that focuses on virtual intestinal surgery. Due to the nature of
intestines, it is designed to cope with multiple collisions and self-collision. Both
the collision detection and response algorithms work with pairs of segments. This
is however limiting for contact modelling and the paper states that updating
the position and velocity of one edge may create or cancel other collisions. A
suggestion made by the authors, to overcome this deficiency, is to repeat the
collision check for all pairs, with a limit on the number of iterations to avoid
infinite loops. While effective for intestinal models, the method cannot be easily
generalised for models of arbitrary shapes.
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Berkley et al. [2] use a constraints approach that allows contacts with any
surface triangle, and redistributes the displacements on these triangles to equiv-
alent displacements on all nodes in the model. While this method results in
an accurate model of the contact, redistribution of all the nodes in the model
is computationally too demanding, and renders it difficult to use in real-time
applications.

In this paper, we propose a novel and general method of contact modelling,
which can redistribute, in real-time, arbitrary contact on discrete models, in a
physically accurate manner. Section 2 details the motivation for our technique
and describes the mathematical model. We validate our method in Section 3, in
conjunction with an FEM. We include illustrations of contact modelling results
and a performance evaluation of the real-time capabilities of our technique, which
demonstrates that it can be applied to surgical simulation with haptic feedback.
We present our conclusions in Section 4.

2 Contact Modelling

Typically, data structures representing virtual organs will have discrete rep-
resentations. In order to provide an accurate collision response, most discrete
deformable models require that the input interaction be defined at the exact
locations of those discrete elements. For example, in order to accurately model a
virtual elastic organ as a discrete mesh, and deform it based on an FEM, a set of
vertex displacements at the mesh nodes is needed [3]. The accuracy of modelling
could be compromised if, say, the surgical tool is too thin for the resolution of
the virtual organ, as it could penetrate the surface of the organ without actually
making contact with any of the mesh nodes.

To overcome such problems, we propose a novel and general algorithm of
contact modelling for deformable objects, which redistributes an arbitrary field
of displacements, located anywhere on the surface of an organ, into an equivalent
field of displacements located at the discrete nodes. We assume that the organ’s
surface can be described by a triangular mesh and that contact with a rigid
surgical tool can be described as a field of displacements imposed on that mesh.
This paradigm of contact modelling is universal because, in general, neither the
surface of the organ nor the surface of a generic surgical tool can be described by
analytical equations. There are no restrictions on the displacement vector field;
therefore, our method can effectively model contacts between virtual organs and
virtual surgical tools of arbitrary shape. Our method is in the same spirit as the
method suggested by Berkley ef al. [2], but uses a divide and conquer strategy
that keeps the contact local. Therefore, the size of the computation is kept low
and our method becomes suitable even for very demanding real-time applications
with haptic feedback (1 kHz or more). The diagram of Fig. 2 details the contact
modelling function.
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Contact Modelling

Collision Field of displacements Field of displacements Collision
Detection % located on % located on % Response
surface triangles nodes

Fig. 2. The three major components of modelling interaction, with detail of the
Contact Modelling component.

2.1 Mathematical Model

The construction is easier to understand if we firstly analyse the simple case
pictured in Fig. 3. Suppose that the triangle with nodes labelled 1, 2 and 3 is
touched such that the point P, having baricentric coordinates by, b2 and bs, is
displaced by a vector v. We are interested in determining what displacements
uy, up and usz at the triangle nodes would give such a displacement of P.

Fig. 3. Displacing point P by vector v.

If we use a model of linear interpolation, then:
biug + boug +bguz =v (1)

With no additional restriction, Eq. 1 is overdetermined if one tries to solve
for u;, up and uz in terms of v, with some solutions corresponding to huge
vertex displacements. The solution becomes unique and “physically natural” if
we adopt the displacement of “minimal energy”. That is the solution of Eq. 1
which minimises {Ju;]}2 + |juz}}®> + |jus]|2. To solve this conditional extremum
problem, we have to minimise the function:

F(ug,up,u3,A ) = [Jug|? + [Jua]|” + |lus [+ < X, r > (2)

where A = (A, Ay, A;)T is a vector of Lagrange multipliers, <, > denotes scalar
product and r = byuy + baua + bauz — v is a “restriction” vector. Equating to
zero the partial derivatives of F we get the equations:
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oF .

o = 2+ B =0 (i=123) (3)
oF

ﬁ:r:b1U1+b2u2+b3U3—V:0 (4)

By solving the linear system we get:

biV

S B 8 i=123) (5)

u;
which we call the L2 baricentric extrapolation of v.

We now treat the general case, where several triangles of the mesh are
touched, by generalising the L? baricentric extrapolation. Suppose n mesh nodes
belong to these touched triangles, and that we want to move ! points inside these
triangles — which will impose [ “restrictions” similar to Eq. 1. Restriction vector
r; will take the form:

n
r; = Zbi]‘ui —V; = 0 (6)
=1

where b;; is the baricentric coordinate of node i in restriction j. (For each restric-
tion equation, only 3coefficients b;; can be non-zero.) Let us remark that if a
touched triangle has a fixed node, say node s, we only need to add the restriction
ug = 0, to maintain consistency.

We find the displacements u; at nodes by minimising the function:

n l
F=Y JwlP+) <Xj.r> Q)
i=1 j=1

where A; is the Lagrange multiplier 3-vector corresponding to restriction vector
r;, (7 =1,..,1). By taking the partial derivatives we get:

oF

13
S = 2ui+ > b =0 (i=1,..,n) (8)
Wi k=1
oF " )
=T = bgug—v; =0 G=1,...0) (9)
X p

Denote by B the n x [ sparse matrix B = (b;;). Egs. 9 can be expressed
compactly as:

(BTuy=v (10)

and by substitution from Eqgs. 9 one gets:
(BTB)A = -2V (11)
where A = (A1 ,Az ,..., A )T is the vector of Lagrange multiplier 3-vectors and

V = (v, Vs, ..., v;)T. It follows that:

A= ——;-(BTB)‘lv (12)
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and then the node displacements u; are easily calculated from Eq. 8. The outlined
procedure can be recognised as a Moore-Penrose pseudoinversion of Eq. 10 for
the particular case when BT B is non-singular. This will be the case with most
well-conditioned input displacement fields. When this does not happen, due to
small inconsistencies in the input displacement field, U can still be obtained
from Eq. 10 by using a general pseudoinverse procedure, based on singular value
decomposition.

3 Validation

A contact modelling system has been implemented, based on the mathemati-
cal model described previously. To clearly illustrate the results of our contact
modelling algorithm, the displacements will be applied to a series of tetrahedral
meshes, of various resolutions, having the simple geometrical shape of a cube.
The simplest cube is constructed from 8 nodes, 12 surface triangles and 6 tetra-
hedra. The higher resolution cube has 1331 nodes, 1200 surface triangles and
6000 tetrahedra.

3.1 Qualitative Results

For illustration purposes, our general method of contact modelling has been
coupled to a collision response module implemented by an FEM technique acting
on tetrahedral meshes and modelling linear elastic response. This is a fast method
allowing haptic and visual interaction, based on a real-time inversion of a local
contact matrix. Further details of this technique are described in Popescu et
al. [6]. However, we emphasise that our contact modelling method is general and
not restricted for use with only one particular collision response module.

Fig. 4 illustrates the results of our implementation on the two cubes of dif-
ferent resolutions. Notice how the deformations rigorously follow the imposed
displacements after the contact field redistribution.

Arrows used in the figure represent the vectors of displacements. The thick
arrows correspond to displacements applied to points on surface triangles and
the thin arrows correspond to displacements applied to mesh nodes. In our ex-
amples, the anchored nodes are indicated by small spheres. Each row pictures a
single scenario of the deformation. The first two scenarios are simple, to clearly
illustrate the effect of our contact modelling method. The first one shows two
vector displacements on the same surface triangle and the second one shows
two vector displacements on adjacent surface triangles. Note that the surface
triangles’ contact points have been displaced to the tip of the arrows as desired.

The third and fourth scenarios use the higher resolution cube to illustrate
our algorithm applied to larger tetrahedral meshes. Although our algorithm is
independent of the size of the mesh, for a more visually reflective result, this cube
is not created to be as large as those models that are typically used in surgical
simulation. The third scenario illustrates a torque effect from two displacement
vectors and the fourth scenario shows multiple displacements to illustrate the
capability of our contact modelling algorithm.
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Fig. 4. Illustration of our general method of contact modelling, with anchored
nodes marked by a small sphere. Left column: the object before deformation, with
thick arrows indicating the vectors to be applied as displacements on the surface
triangles. The base of the arrow is located at the surface point to be displaced,
and the tip points to the position where it should be moved. Middle column:
the object is presented again before deformation, with thin arrows indicating the
equivalent displacements of nodes, as calculated by our algorithm. Right column:
the object is deformed, using the outputs of our contact modelling algorithm as
inputs to our collision response module, implemented by an FEM. Both sets of
arrows from the previous two illustrations are included as well.
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3.2 Performance Evaluation

The performance of our contact modelling algorithm has been measured on a 2.4
GHz Pentium 4 and a 3.0 GHz Xeon. The results are shown in Fig. 5. These re-
sults were generated by running random collisions on our higher resolution cube.
The experiments were carried out with between 1 and 60 arbitrary displacements
on surface triangles. For each of these experiments, 100 different seeds were used
for the randomization, and each of these averaged over 1000 trials.
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Fig. 5. Graphs of the performance of our contact modelling algorithm on differ-
ent machines. Each graph shows the response times, in seconds, compared to the
number of surface displacement vectors applied. Left: Computations performed
on a 2.4 GHz Pentium 4. Right: Computations performed on a 3.0 GHz Xeon.

An analysis of our algorithm reveals the matrix inversion of Eq. 12 to be the
most significant computational cost, with a standard matrix inversion based on
Gaussian elimination having o(n3) computational complexity. The size n of our
matrix to be inverted is proportional to the number of restriction vectors. Indeed,
the graphs also have a cubic nature, which is consistent with our algorithm
requiring the matrix inversion.

As haptic applications require a refresh frequency of 1 kHz, we can identify
the limits of our contact modelling algorithm. On the 2.4 GHz Pentium 4, this
limit is approximately 43 surface displacement vectors and on the 3.0 GHz Xeon,
this limit is approximately 49 surface displacement vectors. Furthermore, these
results have been obtained through an implementation that is not optimal and
can therefore be improved upon.

4 Conclusion

In this article, we have presented a novel and general method of contact mod-
elling. The method allows multiple arbitrarily shaped virtual tools to make con-
tact with a virtual organ, and is independent of the size of the virtual organ
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mesh. After identifying the collisions between the tools and the organ, which
can be located anywhere on the surface of the organ, this field of arbitrary
displacements is redistributed, using the contact modelling algorithm, into an
equivalent field of displacements located only at the nodes of the mesh.

The algorithm has been tested on machines with different processors and

proven to be efficient enough to meet haptic refresh rate requirements.
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Abstract: Computer-based surgical simulations are being increasingly used for
training and skills assessment. They provide an efficient and cost effective
alternative to traditional training methods. To allow for both basic and
advanced skills assessment, the required perceptual fidelity is essential to
capturing the natural behavior of the operator. The level of realism in terms of
object and scene appearance determines the faithfulness and hence the degree of
immersion experienced by the trainee in the virtual world. This paper presents a
novel photo-realistic rendering approach based on real-time per-pixel effects by
using the graphics hardware. Improved realism is achieved by a combined use
of specular reflectance and refractance maps to model the effect of surface
details and mucous layer on the overall visual appearance of the tissue. The key
steps involved in the proposed technique are described, and quantitative
performance assessment results demonstrate the practical advantages of the
proposed technique.

1 Introduction

In minimal invasive surgery (MIS), virtual and augmented reality based systems are
rapidly becoming an integral part of surgical training. Current high-fidelity simulators
offer the opportunity for safe, repeated practice and objective measurement of
performance. They provide an economical and time saving solution for acquiring, as
well as assessing basic surgical skills [1]. In particular, surgical simulators are found
to be valuable for training MIS procedures where the complexity of instrument
controls, restricted vision and mobility, difficult hand-eye co-ordination and the lack
of tactile perception require a high degree of operator dexterity [2]. Although these
simulators can accelerate the development of hand-eye skills, there are serious
shortcomings with the current technology, particularly in the photo-realism they
provide. Hitherto, a significant amount of research has been carried out in photo-
realistic rendering of simulated surgical scenes [3] and it remains one of the major
technical challenges due to the complexity and diversity of internal tissue structures
and surfaces properties [4].

With the recent advances in computer graphics architecture, it is possible to
provide high fidelity rendering at interactive rates. Highly programmable graphics
processor units (GPUs), including floating-point vertex and fragment processors, can
offload complex vertex and pixel operations from the central processing unit to the

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 346-352, 2004.
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GPU, allowing greater control over the graphics pipeline for real-time per-pixel
shading and other procedural effects [5]. Moreover, shading calculations can be
performed at the pixel level [6] as opposed to the vertex level in case of fixed
functionality pipeline, hence reducing the aliasing of specular highlights and
improving visual realism.

The purpose of this paper is to present a novel rendering technique based on the
programmable graphics pipeline for laparoscopic simulation. Specular reflections are
modulated by using a set of reflectance maps, i.e. maps encoding the surface normal
distribution, which define the surface light interaction properties. Results are further
enhanced with the improved visual appearance of the semi-transparent mucous layer
on the top of tissue surface. We describe the key steps involved in the proposed
technique and demonstrate its advantages over conventional approaches.

2 Method

Specular highlights constitute a vital clue in MIS procedures where 3-dimensional
perception is diminished due to the use of 2-dimensional screens. Surgeons usually
rely on specular highlights as a reference for depth, orientation and deformation.
Consequently, it is important for surgical simulators to reproduce these highlights as
realistic as possible. In the existing literature, a number of approaches for simulating
specular highlights have been introduced. Standard graphics APIs such as OpenGL
[7] and DirectX simulate this effect by using the Phong lighting model [8] computed
at the vertices. Other techniques use environment mapping to map an image of the
specular source onto the surface. The results obtained with these methods, however,
generally lack visual realism due to the fact that tissue surfaces are not perfectly
smooth. A more physically accurate model should consider a rough surface
augmented with microstructure details such as that proposed by Torrance and
Sparrow [9]. A major drawback of this approach is that physically-based reflection
models can be computationally prohibitive.

Figure 1. A sample colour texture image (left) and its associated reflectance map (right)

For real-time applications, a reflectance map can be used to describe a perturbed
normal value for each image pixel (texel). This map can be either derived empirically
or generated by using conventional noise functions, e.g Perlin noise [10]. Since the
type of noise affects the shape of specular regions, different functions can be used for
varying tissue types. Figure 1 illustrates a sample colour texture image and its
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associated reflectance map. In this case, the reflectance map is obtained by using a
noise image where every texel is considered as a height field, i.e. each texel encodes a
single height value at that texel. The normal of the surface at each texel is then found
by computing the cross product of the pair of vectors formed by that texel and its
neighbors. The calculation is repeated for the other neighboring texels and the average
of the normals is stored. A larger texel area can be considered in cases when smoother
normals are to be computed.

During runtime, texture mapping is used for each triangle in the geometric model
to extract the per-pixel reflectance map normals used for calculating the specular
highlights. However, the normals in the reflectance map are defined in their own
coordinate system, therefore they have to be transformed into a coordinate system that
is local to the triangle being processed. Such coordinate system, known as the object
local surface or texture-space coordinate system, can be defined by using three
vectors which constitute its basis: the surface tangent (7), the bi-tangent (B), and the
normal (N) as shown in Figure (2).

Figure 2. (Left) An example of per-triangle TBN-based coordinate systems. (Right) Per-vertex
TBN bases (GBR respectively) used for the tissue model rendered in the results section.

Based on this definition, the first two vectors can be computed from the partial
derivatives of the object-space coordinates of the triangle in terms of its texture
coordinates [11],
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and,
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Subsequently, (N) can be computed from the cross product of (7) and (B) or the
normal supplied by the original model can be used alternatively.

By computing the basis vectors in texture-space, the GPU can be used to
efficiently transform the object-space vectors required for specular calculations into
the texture-space by using a rotation matrix (R)

T, T, T,
(R)=|B, B, B,
N, N, N,

Since (R) is defined for each triangle in the geometric model, a per-vertex rotation
matrix is needed to ensure consistent highlights across the triangular mesh. This is
obtained by averaging the rotation matrices of the triangles sharing the vertex. In
practice, the rotation matrix is calculated for each vertex in pre-processing with its
value at the pixel level being interpolated during the rasterisation step of the graphics
pipeline, as schematically illustrated in Figure 3.
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Figure 3. A simplified block diagram of the programmable graphics pipeline.

To further enhance the visual realism, the effect of surface mucous, which is a wet
refractive transparent or semi-transparent layer found on top of the tissue, is combined
with the above model. In laparoscopic views, the mucous layer significantly
influences the surface appearance by reflecting and refracting incoming light rays.
Replicating the mucous effects is a challenging problem and several factors have to be
considered including the thickness of the layer, its light interaction properties, and the
density and distribution of solid particles within the layer. In this study, mucous is
simulated by using a set of refractance maps generated by methods similar to
reflectance maps. However, vectors extracted from a refractance map are used to
linearly blend between original surface colour and mucous layer colour, which
accounts for surface colour variations.

3 Results

The proposed technique has been applied to endoscopic surgical simulations. A
fragment shader was implemented for NVIDIA FX graphics hardware, coded in Cg
[12]. Figure (4) depicts the results obtained by using the described method compared
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to the conventional OpenGL multi-texturing approach. It is evident that the method
effectively avoids the problem of plastic-like surface and provides realistic specular
highlights. Furthermore, by varying the colour of the mucous layer and using different
noise types, tissue appearance can be modified. Figure (5) demonstrates the effect of
different noise functions on the visual appearance of the rendered surface.

Figure 4. Different views the surface rendered by using the proposed method (left) versus
OpenGL multi-texturing approach (right). Notice the plastic-like surface and the hexagonal
shape of the specular highlights with the multi-texturing method.

To assess the overall computational burden of the proposed algorithm, a detailed
performance analysis was carried out. The effect of using different viewport
resolutions and polygon counts on performance is demonstrated in Figure 6. It is
shown that the viewport resolution is inversely proportional to the achieved frame
rate, which is due to the fact that the fragment program is executed for each rendered
pixel. This problem can be alleviated by future graphics hardware with more fragment
pipelines. Increasing the scene polygonal count, on the other hand, has a gradual
impact on performance unless extensive vertex programs are used. In fact, the
performance in the case of programmable graphics hardware is dependant on several
factors such as the length and complexity of vertex and fragment programs and the
amount of data transferred between the CPU and GPU each cycle.
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Figure 5. The effect of different noise functions on the overall visual appearance of the
rendering results. Shown above are four types of noise with decreasing frequency (clockwise
from top-left)
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Figure 6. Performance assessment of real-time per-pixel shading with graphics hardware for
different viewport resolutions and polygon counts.
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4 Discussions and Conclusion

In this paper a novel photo-realistic rendering method suitable for surgical simulation
is described. It is based on using combined reflectance and refractance maps to model
the effect of surface details and mucous layer on the overall visual appearance of the
rendering results. The programmable graphics hardware is used to allow for per-pixel
control and to carry out most of the required computations. In addition to the high
fidelity rendering results achieved, the computational performance achieved makes it
suited for interactive MIS simulation. With the use of general-purpose capabilities of
the GPU, it is also possible to migrate simulation tasks such as collision detection and
deformation computation to the GPU [13], allowing the entire simulation system to be
seamlesslyintegrated.
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Abstract. This paper reports a new study for comparing two double-bundle
reconstructions of anterior cruciate ligament (ACL), used by one of the authors
in surgery. It describes the experimental setup, protocol and results in a sample
case. The experiment was performed in five steps, using FlashPoint optical
system: first the intact knee kinematics was analysed; then ACL was resected
and the knee examined; ACL was reconstructed using the gracilis
semitendinous tendon and the new kinematics recorded; ACL was reconstructed
again with the same tendon and a different orientation of the femoral tunnel and
kinematics was recorded; finally the knee was dissected to digitize bone
surfaces, ligaments insertions and tunnel position. The off-line elaboration of
data allowed to evaluate anatomical and functional results. The comparison of
reconstructed knee laxities and ranges of motion with normal and ACL-
deficient knee suggested that the most vertical tunnel performed better than the
horizontal one.

Keywords: ACL reconstruction, knee, kinematic analysis, computer analysis

1 Introduction

Anterior Cruciate Ligament (ACL) reconstruction is a frequent intervention. Recently
to improve the clinical results of this procedure same authors have presented a more
anatomical reconstruction trying to reproduce the two bundles of the normal ACL.
This reconstruction should have a better performance from the kinematic point of
view. However very few studies have analysed the kinematic performance of such
procedure, especially the bundles features affecting the final outcome. Therefore a
more and more careful analysis of the double-bundle surgical technique is needed to
be able to predict and optimize the functional results of the procedure.

In this study we present a new method to analyse the double-bundle ACL
reconstruction, based on the use of a navigation system for data acquisition (i.e. for
tracking motion and digitizing anatomical surfaces) and successive computer
elaboration of the kinematic and anatomical results. The accuracy of the system
allows a reliable analysis also of secondary kinematic constraints and, on a cadaveric
specimen, also a reliable study of the relationship with anatomical features [1, 2].
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This study describes the acquisition and elaboration protocol of the methodology
and reports a case study to investigate the effect of tunnel orientation in double-
bundle ACL reconstruction on the kinematics of the reconstructed knee.

2 Materials and Methods

2.1 Materials

For the analysis of the double-bundle ACL reconstruction in one cadaver knee we
used an optical navigation system (FlashPoint, Image Guided, Boulder, Colorado) to
record relative motion of the tibia and the femur and to digitize anatomical data. This
device has been used by several authors in surgical and laboratory tests of computer-
assisted interventions and all authors have confirmed its sub-millimetric accuracy [3].

The femur was fixed to the experimental desktop with a clamping device, while the
tibia was left free to move like in the standard operating room set-up. The foot was
intact and let the surgeon check the internal-external alignment of the limb like in the
operative room. The femur was fixed horizontally with tibia, at 90° of flexion,
perpendicular to the floor in order to minimize external forces due to the weight of the
leg and have a physiological passive range of motion. This setup also let the surgeon
have an easy access to the internal part of the knee during the ACL reconstruction.

Two rigid bodies with infra-red emitters were fixed respectively to femur and tibia
in order to record their relative position during passive motion. The setup was
optimized to minimize possible interactions with the surgical actions, therefore the
femoral rigid body was fixed in the proximal part of the femur and the tibial one
distally in the medial part of the tibia.

2.2 Acquisition Protocol

The acquisition protocol of our study consisted in six main steps: four steps aimed at

acquiring information about the kinematic behaviour of the intact, ACL-deficient and

reconstructed knees with two different techniques; one step was the execution of
standard surgical technique for double bundle ACL reconstruction, and a last step
concerned the acquisition of anatomical data, in order to have a complete analysis of

the cadaveric joint. In details the acquisition protocol was the following [4]:

— Kinematic acquisitions on the intact knee,

— ACL minimally invasive ACL recision,

— Kinematic acquisitions on the ACL-deficient knee,

— Gracilis and semitendinous tendons were harvested and sutured together with the
tibial insertion left intact. A tibial tunnel was performed in a way to reach the
natural tibial insertion area of ACL, in particular its postero-medial part. The
tunnel started in the medial part of cresta tibialis and had an orientation of 7° with
respect to the anatomical axis in the frontal plane and 37° in the sagittal plane [5].

— Preparation of femoral tunnel at 2.30 o’clock [6], corresponding to 28° with respect
to the tibial plateau in flexion, and ACL reconstruction (called “horizontal tunnel”
in the following). Tendons passed through the tibial tunnel, over the top, in the
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horizontal tunnel (HT) and in the tibial tunnel again, and clamped with a barred
staple to have arigid ligament fixation;

Kinematic acquisitions on the knee reconstructed with double-bundle technique
and horizontal tunnel orientation;

Preparation of femoral tunnel at 1 o’clock [6], corresponding to 37° with respect to
the tibial plateau in flexion, and ACL replacement (called “vertical tunnel” in the
following). Tendons passed through the tibial tunnel, over the top, in the vertical
tunnel (VT) and in the tibial tunnel again, and clamped with a barred staple to
maintain ligament fixation

Kinematic acquisitions on the knee reconstructed with double-bundle technique
and vertical tunnel orientation;

Acquisition of standard joint coordinate reference system;

Knee dissection and ligaments’ exposure;

Digitization of ligaments’ insertions, tunnel entrance and exit holes on the bones,
distal femur shape and proximal tibia surface.

Kinematic acquisitions included the passive range of motion from full extension to
full flexion, the internal/external rotation at 90° of flexion and at maximum force, and
the drawer test at maximum force. All of them were recorded twice by the same

surgeon and all the 6 degrees of freedom of the knee joint were recorded during tests

in different conditions.

2.3 Computer Analysis

The computer analysis of the knee joint and the kinematic data was performed with a
custom software that allowed the reconstruction of relative motion of the joint and the
computation of laxities, as well as instantaneous rotations and translations [1].

Fig. 1. Display of the anatomical reconstruction aligned to the X plane (left) and experimental
setup with femur fixed on desktop and FlashPoint’s frames attached to femur and tibia (right).
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Transepicondylar line and mechanical axis on femur and medial lateral direction
and anatomical axis on tibia were acquired and used as local reference coordinate
systems for the two bones. The display joint reference system was adjusted so that the
femoral condyles profiles coincide in the sagittal view and the line tangent to femoral
condyles in flexion was horizontal (Fig. 1).

For kinematic tests the joint reference system was defined as follows: the x axis
was fixed to the femur, and defined as the transepicondylar line; the z axis was fixed
to the tibia, and defined as the long tibial axis normalized with respect to the x axis;
the y axis was the result of the instantaneous cross product of the z and x axes. In our
experiment the femur and the x axis were fixed while the z and the y axes were
mobile.

The decomposition into flexion-extension (FE) rotation, internal-external (IE)
rotation and varus-valgus (VV) rotation was computed using cardan angles in the
sequence X-Z-Y. Similarly translations were computed along these floating frames at
each flexion angle. In particular for the elaboration of kinematic data we computed:

— The amount of FE, IE and VV rotation during the passive range of motion (PROM)
in the four different knee states;

~ The FE, IE and VV rotation at the position recorded for stress tests in the four
different knee states (called knee “attitude”);

— The antero-posterior (AP) laxity of the joint, as the maximum 3D displacement
occurring during drawer test;

— The internal-external (IE) laxity of the joint, as the helical angle between the most
medial and most lateral position attained during the IE rotation test at 90°;

— The elongation and orientation of the linear fibre joining the centres of the
insertion areas of the original ACL during kinematic tests;

~ The elongation of the two bundles of the reconstructed ACL during PROM in
reconstructions with horizontal and vertical tunnel;

— The orientation of the two bundles of the reconstructed ACL during PROM with
respect to tibial plateaux in reconstructions with horizontal and vertical tunnel.

— The orientation of the two bundles of the reconstructed ACL during PROM with
respect to femoral notch in reconstructions with horizontal and vertical tunnel.

For all kinematic computation we computed the “error” associated to the

measurement as the standard deviation of the mean of repeated motions.

3 Results

The passive range of rotations during PROM were similar in intact, ACL-deficient
and reconstructed knees (Table 1), although small differences were found in the initial
attitude of the joint in full extension.

The position for the drawer tests appeared slightly (i.e. not statistically significant)
different in the AP (i.e. y) and medio-materal (i.e. x) directions, but similarly oriented
in all knee conditions, as shown in Table 2.

AP and IE laxities varied according to the ACL state, as reported in Table 3 as the
mean among all repeated tests in the same conditions.
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Fig. 2. Bundle reconstruction at 90° of flexion. Software display (left) and schematic
representation (right). A: external insertion of tibial tunnel, B: internal insertion of tibial tunnel,
C: internal insertion of vertical and horizontal femoral tunnel, Do: external insertion of femoral

horizontal tunnel, Dv: external insertion of femoral vertical tunnel.

Table 1. Rotations occurring during PROM in the four knee conditions

Intact no-ACL Hor. Tunnel Vert. Tunnel
Flexion 85° 90° 93° 92°
IE -20° -22° -18.5° -18°
vV -5° -6° -6° -6°

Table 2. Attitudes of the knee at IE test (IE) and drawer test (AP)

Intact NO-ACL H Tunnel V Tunnel

Flex IE VV |[Flex IE VV |Flex IE VV |Flex IE VV
AP 77° -17° -3.5°| 82° -17° -3.5°| 80° -18° -4° | 82° -18° -4°
1E 82° -15° -5.5°| 8BO® -15° -5,5°| 81° -15° -5° | 78° -15° -45°

Table 3. Knee laxities
AP laxity (mm) IE laxity (deg)

Normal 321+£1.7 258+0.2

No-ACL 46.6+2.0 294+1.2

HT graft 416 £ 1.6 204105

VT graft 314+1.2 28.1+04

Legenda: Normal = Intact knee; No-ACL = ACL-deficient knee; HT graft = knee
reconstructed using double-bundle technique with horizontal tunnel orientation; HT
graft = knee reconstructed using double-bundle technique with vertical tunnel

orientation.
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Notice that the tendons length in our specimen was enough to reach the final
clamping site for both femoral tunnel orientation. The final length in the two
reconstructions can be computed at extension from the sum of the following length:

1. Twice the tibial tunnel length, which resulted in 48.9 mm;

2. The length of the bundle of the reconstructed knee going from the tibial tunnel to
the femoral tunnel in both cases, that we will call “antero-medial” bundle of the
reconstructed ACL, equals to 27 mm for HT and 28 mm for VT in flexion;

3. The femoral tunnel length, equal to 35.8 mm for HT and 42.1 mm for VT;

4. The length of the tendon wrapping around the posterior lateral condyle under the
capsula, equal to 32.9 mm for HT and 39.1 mm for VT;

5. The length of the bundle from tibial tunnel to over the top, that we will call
“postero-medial” bundle of the reconstructed ACL, equals to 35 mm for HT and
36.2 mm for VT in flexion.

As the position of both bundles of the reconstructed ACL with HT and VT was very

similar (and inserted laterally in the tibial and distally in the femoral tunnel), the

difference of the graft length in the two techniques was due to item 3. and 4. and was

a fixed offset of 12.5 mm at extension. The total length of the graft during PROM and

stress tests varied, mainly due to the elongation of the antero-medial (item 2.) and

postero-medial (item 5.) bundle of the graft.

Their elongations are reported in Fig.3. Both the anterior bundles of the
reconstructed ACL resulted isometric during PROM, like the normal ACL central
fibre, while both the posterior bundle decreased its length in flexion by almost 20%.

Also the orientation of the reconstructed ACL bundles were similar both in the
horizontal and vertical case, and differed the central fiber of the natural ACL,
especially in extension. The orientation of the anterior bundles of the reconstructed
ligament with respect to the tibial plateau was similar to the normal one and decreased
in flexion. The orientation of the posterior bundle of the reconstructed ACL with
respect to the tibial plateau varied much more during PROM.

Ligaments Length

o 10 2 2 40 % 8 70 @ ® 10
Helical angle
Fig. 3. Length variation of intact and reconstructed ACL during PROM. Int: ACL (line joining

centres of insertions) O: Horizontal tunnel bundles (a= anterior p=posterior) V: Vertical tunnel
bundles (a= anterior p=posterior)
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The orientation of both anterior and posterior bundles of the reconstructed ACL with

respect to the femoral notch were quite similar, and increased less than normal ACL
during PROM.

4 Discussion and Conclusions

The experimental setup we have proposed was able to provide a significant
comparison among normal knee, ACL-deficient knee and reconstructed knee with two
double-bundle techniques. The most original part of this study is the new protocol for
the comparison of the 3D kinematics of the reconstructed knees and the normal and
ACL-deficient one in a single specimen (which avoids the problem of individual
variability). The kinematic comparison is quite original and includes information
rarely reported in previous studies, such as graft orientation and full length.

We can notice that the analyses of the passive range of motion or stress tests (Table
1, 2) did not discriminate between the reconstruction techniques with HT and VT, and
was not even able to distinguish normal and ACL-deficient knees. This is consistent
with previous studies in literature [7], and is probably due to the fact that ACL does
not act as an active constraint during PROM and passive motions.

An encouraging observation on the two reconstructions is that either HT or VT
reconstructions were able to restore the ACL elongation and general orientation of the
ligament [2,8]. This is probably due to the fact that the tibial tunnel appeared within
the area of the original ACL tibial insertion, near ACL posterior bundle, and therefore
the common anterior-bundle of two graft reconstructions contributed significantly to
restore the normal knee passive kinematics.

However a difference can be noticed between HT and VT when comparing the
reconstructed knee laxities. In fact only the vertical tunnel was able to restore the
natural AP and IE stability of the knee, while the horizontal one appeared unable to
fully control AP laxity and constrained IE rotation more than the normal ACL.

This result suggest that the femoral tunnel orientation may have a significant effect
on the final knee behaviour during stress test, as already described by Woo [6,9], even
if no significant differences could be noticed during passive motion. This difference
may be due to the different global length of the used tendon or, although small,
different positions of the antero-medial or postero-medial bundle of ACL
reconstructions. In fact all the other features of the reconstructions were the same in
the two examined technique (i.e. the graft, the tibial tunnel, the position of the anterior
and posterior bundle of the reconstructed ACL).

We remark that this result appears surprisingly different from the classic single
bundle technique, where the control of AP laxities increases when the orientation of
the femoral part becomes more horizontal [6]. This result may be due to the physical
behaviour of the tendon wrapping around the femoral condyle with different length
and therefore forces in the two double-bundle techniques and absent in the single-
bundle one.

We plan to perform a more extensive experimental study of this issue in the near
future.
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Abstract. We propose an automatic markerless registration method for Integral
Videography (IV) overlay navigation system that directly matches a video
image of the patient to a 2-D rendering of a surface model extracted from the 3-
D surface model image. IV overlay system is integrated into a surgical
navigation system to superimpose a real three-dimensional (3-D)
autostereoscopic image onto the patient via a half-silvered mirror. This
registration technique doesn’t require the setting of markers, which is invasive
and extends the duration of the procedure. Accuracy measurements were
performed using a triangular-prism-shaped model. The mean Target
Registration Error (TRE) was 1.6 + 0.6 mm. We also applied our method to a
human face registration and obtained successful results, although some noises
were added to the video image. The presented method is more suitable for
clinical applications of IV image overlay than previous methods since the
presented method is sufficiently accurate, robust and more convenient for
surgeon.

Keyword: Image overlay, navigation, 3-D image, mutual information.

1. Introduction

Image overlay system is surgical navigation that superimposes medical images over
surgical fields on the patient. Surgeons can see beneath the surgical scene and view
hidden structures as if they could be seen through the body. By localizing the targeted
lesion and the critical lesion that should be avoided, the image overlay navigation
helps to achieve effective and safe surgery while minimizing the invasiveness of the
surgery. This overlay function eliminates hand-eye coordination issue often raised in
navigation surgery, where image display is placed off the operative field and forces
the physician to look away from the surgical field.

The use of a head-mounted display (HMD) is one of the most important
innovations because it augments the surgeon’s view of the surgical field with
computer-generated images [1]-[3]. Birkfellner et al. presented a basic design of a
modified HMD to increase the clinical acceptance of augmented reality [2]. Fuchs et
al. reported a 3-D visualization system with an HMD for use in laparoscopic surgical
procedures [3]. The HMD is tracked to compute an appropriate perspective. These
systems still have a problem of lag for motion parallax and cannot provide a natural

G.-Z. Yang and T. Jiang (Eds.): MIAR 2004, LNCS 3150, pp. 361-368, 2004.
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view for multiple observers. These techniques have the potential to enhance the
surgeon’s ability to successfully perform complex procedures.

Another type of image overlay system uses a half-silvered mirror display device, in
which medical images are superimposed over the patient in the real world. Blackwell
et al. introduced an image overlay system that uses a binocular stereoscopic vision
display and describes an image overlay prototype with initial experimental results [4].
By using image overlay with 3-D reconstructed images, surgeon can visualize the data
“in-vivo” when it is aligned exactly to the patient’s anatomy.

We have developed an autostereoscopic image overlay technique that can be
integrated into a surgical navigation by superimposing an actual integral videography
(IV) image onto the patient by use of a half-silvered mirror [5]. IV record and
reproduce 3-D images using a micro convex lens array and a flat display. IV uses both
horizontally and vertically varying directional information and thus produces a full
parallax image, making it a promising method for creating 3-D autostereoscopic
displays. With additional improvements in the display, this system can increase the
surgical accuracy and reduce invasiveness. In our system, image-to-physical
registration is essential and markers are used for this purpose. When using markers,
there is a need to attach markers to the patient, which is invasive. In addition, markers’
positions must be measured using an optical tracker, which extends the duration of the
procedure. Nicolau et al. developed an augmented reality system using markers
without optical trackers [6].

The objective of this study is to perform an automatic markerless registration of the
graphical model and image overlay device using maximization of mutual information.
Specifically, our method is an extension of mutual-information based video-to-model
registration [7]. Without using markers, the newly proposed method is clinically
significant since it is non-invasive for patients and less cumbersome for medical staff.
The engineering contribution of this study is the use of mutual information for patient
to 3-D autostereoscopic image registration in image overly system, which in our
knowledge has not been reported elsewhere.

2. Materials and Methods

To perform an automatic markerless registration for IV image overlay systems, we
directly matched a video image and a 2-D rendering of a surface model extracted
from 3-D image. The goal of image-to-physical registration in image overlay systems
is to determine the transformation matrix of display-to-patient and register the IV
image to patient’s body.

2.1 IV Image Overlay Systems

The IV display we developed consists of a high-resolution LCD with a micro convex
lens array, a half-silvered mirror, and a supporting stage. IV records and reproduces
3-D images using a micro convex lens array and flat display; it can display
geometrically accurate 3-D autostereoscopic images and reproduce motion parallax
without the need for special devices. The use of semi-transparent display devices
makes it appear that the 3-D image is inside the patient’s body.
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Generally, the surgeon observed the operating field directly by eye during the
operation. The fundamental elements of this system include 3-D image on IV display,
CCD camera, and patient. The relationships of these elements are shown in Fig. 1.

IV image generation IV Display: projected 3-D
autostereoscopic image

Fig. 1. System configuration: instrumentation for automatic surgical navigation based on IV.

2.2 Coordinate Transformation

The coordinate transformations required to produce an overlay image that is
registered to the patient are Ty ITpoe and T, ,,, where C, D and P stand for CCD

camera, display and patient, respectively.
Figure 1 shows each coordinate transformation. To register an overlay image to a
patient, a transformation matrix of display-to-patient, T}, ,, , is required. The matrix is

calculated with following equation:
Tpop =Tpclesp 1

The transformation matrix of display-to-camera is constant and obtained

Toic

before registration. The transformation matrix of camera-to-patient is determined

TC—»P
by matching a video image of a patient to a 2-D rendering extracted from the 3-D
surface model.

2.3 Optimization of Matching

To determine the transformation matrix of camera-to-patient, it is necessary to find
the transformation matrix that maximizes the similarity measure, using following
equation:

T = argmax f(u(x), (T (x))) @

where x is a random variable over coordinate locations in the image, u and v are
intensities of each image, f is the similarity measure, and 7 is the transformation
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matrix of camera-to-patient. We found the optimal transformation matrix TA"C_)P by

gradient descent optimization:
28D 3)
d(T)
where 4 is a positive constant called learning rate. The transformation matrix that
maximizes the similarity measure is determined as an optimization proceeds.
Calculation of the similarity measure, gradient and reprojection of the surface model

are repeated until the number of step in the optimization reaches a defined number of
iterations.

2.4 Similarity Measure Using Mutual Information

We used Mutual Information (MI) as a similarity measure. MI is generally used in
information theory. It can be applied to image registration [8]. When thus applied, MI
is measured as the statistical dependence, or information redundancy, between the
image intensities of corresponding pixels in both images.

MI of two images denoted by I(u(x),v(T(x))) is given as the following equation:

1), (T () = H () + H(T @)~ H (), (T (1)) @
where H( ) is the entropy of a random variable and can be interpreted as a measure of
uncertainty. The value of MI becomes high when one image is similar to the other. MI
can be used to align images of different modalities, which is suited to matching a
video image to a 2-D rendering. In addition, MI has high robustness which allows us
to resolve problems of the lighting source of operating rooms and noises, such as hair
and eyes, which are not in 3-D surface models but are in video images.

2.5 Registration Process

The following scenario describes our registration method in image overlay systems.

1) Construct the surface model: A patient is scanned by a 3-D internal anatomy
scanner, such as magnetic resonance imaging (MRI) or computerized tomography
(CT). The surface area of the patient is segmented manually.

2) Set up image overlay devices: The patient is placed in the operating room and
fixed on the operating table. Image overlay devices, which include a CCD camera,
are set up over the patient. The relative positions of each device are fixed.

3) Determine the initial position and parameters: Prior to draping, the image of
patient is taken by the CCD camera. Two images, the video image and the 2-D
rendering image of the surface model extracted from the 3-D model constructed in
2), are aligned manually. This determines the initial position of the optimization.
In addition, parameters such as learning rate and iteration number are determined.

4) Optimize MI: Optimization of MI is achieved as shown in Equation 3.
Optimization proceeds through a defined number of iterations. The surface model
is reprojected at each iteration. The transformation matrix T, is obtained.
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5) Obtain the Overlay IVImage: The transformation matrix T, , is calculated from

Equation 1. The patient is draped and the overlay IV image is displayed. Surgeons
can see the overlay image during the surgery as if it was within the patient.

3. Experiments and Results

3.1 IV Image Overlay Systems

We performed three experiments to assess the accuracy, processing time and
suitability to clinical applications of our approach. The registration method was
implemented on an IV navigation system. We calculated the value of MI and gradient
using Insight Segmentation and Registration Toolkit (ITK). A Visualization Toolkit
(VTK) was used to obtain a 2-D rendering surface model.

We used an IV navigation system for image overlay (Fig. 2). The pitch of each
pixel on the screen of IV display is 0.120 mm. Each lenslet element is square with a
base area of 1.001x0.876 mm, which covers 8x7 pixels of the projected image.

e

Fig. 2. IV overlay navigation system with automatic image registration, including the IV
display, the half-silvered mirror, and the CCD camera that fixed with the same hardware.

3.2 Registration Accuracy Experiment and Processing Time Measurement

We used a triangular-prism-shaped phantom to measure the registration error easily.
The position of four vertexes of the overlay image and the phantom are measured by
use of a POLARIS optical system (Northern Digital Inc. Ontario, Canada). The vertex
positions were measured three times and the mean is considered as its coordinate
value. The four vertexes were on different planes in order to assess the registration
error three-dimensionally. We assumed that there was a target, such as a tumor, in the
centroid of the phantom, whose position was obtained from the vertexes. We also
calculated the distance between two targets as the target registration error (TRE) [9].
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The phantom was placed in four different positions and the TRE of each position was
calculated.

We measured the processing time of the registration by use of a standard Linux PC
(CPU: Pentium4 2.53 GHz, RAM: 1024 MByte). Parameters of MI were constant
during the experiment. We made the iteration number high enough to obtain the
convergence of ML

The TREs of registration were measured in six positions for 10 times measurement.
The mean TRE was 1.6+0.6 mm (mean +SD). The processing time was measured to
be 60 1 seconds (mean +SD, n=10).

3.3 Matching on Human Face

For evaluating the feasibility of clinical applications, we matched a video image of a
human face to an extracted 2-D rendering surface model. A MRI data (T1 weighted,
Matrix: 128x128x%128, Voxel Size: 1.9x1.9x1.5 mm) is used to construct the 3-D
surface model. We registered the 2-D rendering surface model to the video images
manually and implemented the optimization. The 2-D rendering surface model is
matched to the video images of the real human face in spite ofnoises such as hair and
eyes. Figure 3 shows the result of matching a video image to a human face. The video
image was successfully matched to the 2-D rendering surface model extracted from
the 3-D surface model by maximizing the similarity measure.

The results of MI convergence are shown in Table 1, which show maximal offset
and rate of the successful convergence. In addition, final translation and rotation are
also given in this table.

(@) (b) (©)
Fig. 3. Result from the matching experiment on a human face. (a) CCD image. (b) Model
image, (c) Final overlay image. The overlay images consist of a CCD image and a model
image. The final overlay image shows the image resulting from the optimization.

3.4 Clinical Studies of IV Image Overlay

Intra-operatively, IV autostereoscopic image can help with the navigation by
providing a broader view of the operation field by use of an IV overlay technique. We
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Table 1. Results of MI convergence.

Experiment Maximal offset Result error Success rate
Trans (mm) Rot(deg)  Trans (mm) Rot (deg) (%)
#1 10 0 09 0.02 100
#2 20 0 1.1 0.03 90
#3 30 0 5.7 0.04 70
#4 0 10 1.0 0.03 100
#5 0 20 1.2 0.05 93
#6 0 30 38 0.11 73
#7 20 20 0.9 0.03 100
#8 30 20 44 0.05 93
#9 20 20 32 0.14 73

Fig. 4. Clinical application experiment of IV image overlay. (a) IV image overlay device (b)
Surgical implementation integrated with IV image for knee arthroplasty.

superimposed IV image into the patient in surgical implementation and integrated IV
image overlay in knee arthroplasty (Fig. 4). These combinations enabled safe, easy,
and accurate navigation. In combination with robotic and surgical instrument, it even
can supply guidance by pre-defining the path of a biopsy needle or by preventing the
surgical instruments from moving into critical regions.

4. Discussions and Conclusion

The result of error measurements indicates that our method is sufficiently accurate to
be used for clinical applications, compared with a mean target registration error of
approximately 3 mm for skin marker registration in clinical practice [10].

However, it is necessary to improve the registration accuracy since the registration
error would be increased in the case of real patients. The CCD camera sensitivity to
rotation in its depth is considered as a factor causing the error. Registration accuracy
can be improved by using multiple CCD cameras. However, the use of multiple
cameras increases the processing time. Further investigation is needed on this subject.
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The processing time of our registration method was about 60 seconds. It is
comparatively rapid contrast to the registration using markers. Furthermore, our
method is less invasive than that of using markers since it is no need to attach markers
to the surface of patients. The processing time could become much shorter if we
adjust the optimal parameters of the similarity measure. However, adjusting the
parameters is complicated and took a long time. It is a challenging work to find
optimal parameters automatically.

The experiment of matching on a human face was successful. We obtained
successful convergences of MI and confirm the robustness of MI, although there were
noises in the special part such as hair and eyes. Since the noises were not in surface
models but in video images, the experimental results strongly suggests that our
method can be applied to real patients. In future work, we will assess the registration
accuracy on a clinical implementation and introduce it the field of orthopedic surgery
like the operation of knee and wrist.

In conclusion, we have developed an automatic markerless registration method for
IV autostereoscopic image overlay systems that directly matches a video image of a
patient to a 2-D rendering surface model extracted from the 3-D surface model. In
experiments, the TRE was 1.6 mm and the processing time was approximately 60
seconds. The results suggest that our method is sufficiently accurate to be used for
clinical applications and the processing time is much shorter than that of using
markers. We also success applied our method to human face matching. We will apply
the IV image overlay system to clinical implementation in the near future.
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Abstract. Over the last 10 years only a small number of systems that
provide stereo augmented reality for surgical guidance have been pro-
posed and it has been rare for such devices to be evaluated in-theatre.
Over the same period we have developed a system for microscope-assisted
guided interventions (MAGI). This provides stereo augmented reality
navigation for ENT and neurosurgery. The aim is to enable the surgeon
to see virtual structures beneath the operative surface as though the
tissue were transparent. During development the system MAGI has un-
dergone regular evaluation in the operating room. This experience has
provided valuable feedback for system development as well as insight into
the clinical effectiveness of AR. As a result of early difficulties encoun-
tered, a parallel project was set up in a laboratory setting to establish
the accuracy of depth perception in stereo AR. An interesting anomaly
was found when the virtual object is placed 0-40mm below the real sur-
face. Despite this such errors are small (~3mm) and the intraoperative
evaluation has established that AR surgical guidance can be clinically
effective. Of the 17 cases described here confidence was increased in 3
cases and in a further 2 operations patient outcome was judged to have
been improved. Additionally, intuitive and easy craniotomy navigation
was achieved even in two cases where registration errors were quite high.
These results suggest that stereo AR should have a role in the future of
surgical navigation.

Keywords: Image-guided surgery, augmented reality, stereo depth perception

1 Introduction

Augmented reality (AR) surgery guidance aims to combine a real view of the
patient on the operating table with virtual renderings of structures that are not
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visible to the surgeon. A number of systems have been developed that provide
such a combined view, usually by overlaying graphics on to video from a device
such as an endoscope. If images can be presented in stereo, however, i.e. with a
different view to each eye, there is the potential for the position of the real and
virtual structures to be seen by the clinician in 3-D.

A handful of stereo AR devices have been proposed for this purpose. Peu-
chot et al devised a system for spinal surgery in which two half-silvered mirrors
were fixed over the patient and from a given viewpoint the surgeon could see a
stereo image generated by two overhead displays [1]. Fuchs et al have described
a see-through head-mounted display (HMD) that can provide stereo overlays
onto a real view of the patient, with proposed applications in ultrasound-guided
breast biopsy and 3D laparoscopy [2]. Birkfellner et al have developed the var-
ioscope AR, which provides stereo overlays within a head-mounted microscope
system [3]. An entirely video-based stereo HMD AR system has also been pro-
posed by Wendt et al [4].

The HMD systems have the principal disadvantage that any lag between head
movements and update of the displays can cause misregistration. As a result
these devices have largely been restricted to laboratory-based demonstrations,
though work is ongoing to improve their performance. Currently, we are not
aware of any stereo AR surgical guidance system having undergone significant
clinical evaluation.

b)

Fig. 1. The MAGI system in-theatre (a) and an example stereo overlay (b), set up for
wide-eyed free fusion. The blue vessels should appear to be beneath the surface.

By contrast the MAGI system has been tested in the operating room at regu-
lar intervals during its development. The details of the system, which can be seen
in figure 1, have been described previously [5,6]. Early results showed that both
visualisation and alignment accuracy were significant issues. For visualisation we
began a new laboratory project to assess the accuracy of visual perception in
stereo AR [7,8]. At the same time much work was done to improve accuracy. For
calibration an accurate automated method was developed and for registration
we introduced the locking acrylic dental stent (LADS), which attaches to the
upper teeth [9]. During these developments the clinical accuracy of registration
was assessed by the surgeons as well as the effectiveness of the overall system.
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The aim of this paper is to present the results of both the visualisation
experiments and the clinical evaluation of MAGI and to suggest future directions
for the development of stereo AR surgical guidance.

2 Methods

2.1 Clinical Evaluation

The MAGI project has developed as a collaboration between scientists and clini-
cians. There has been no attempt at a clinical trial, since the system has changed
continually throughout the project as a result of the feedback from operations.
The evaluation presented here includes the early development stages as well as
the more stable latest version of MAGI.

For each operation the surgeons were asked to assess the performance of
MAGTI in terms of overlay accuracy, depth perception and clinical effectiveness.
Though this is a subjective assessment it gives an evaluation of the utility of the
system for the clinical application. We also documented errors which caused the
system to fail or lose accuracy.

2.2 Depth Perception Evaluation

a) - b)

Fig. 2. The MARS laboratory setup (a) and an example overlay of a truncated cone
(b).

In order to assess the accuracy of depth perception a laboratory setup known
as MARS was developed (see figure 2). This consists simply of two LCD moni-
tors and two beamsplitters with eyepieces to constrain the viewing position. This
avoids any of the optics involved with the stereo microscope that may influence
perception. A new calibration technique was developed that calculates the po-
sition of the virtual image of each monitor. An individual calibration is then
performed in which the pointer is marked at several positions away from this
virtual image to calculate the position of each observers pupil. This compensates
for any interpupillary distance variation for the different subjects.

A truncated cone is overlaid using MARS on a phantom that mimics skin and
brain. The cone can be placed at various depths beneath (or above) the viewed
physical surface. The subject is then asked to mark the position of the tip of
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the cone, which is outside the phantom, with a tracked pointer. In this way the
depth of an object entirely within the phantom can be marked (see figure 2(b)).

In one experiment there was simply a comparison of the accuracy with and
without the phantom present. This shows the effect the presence of a visible
surface in front of the virtual cone has on perception accuracy. There were 8
observers and their results were pooled from 60 measurements of the cone at
varying depths below the real surface.

A further experiment examined the profile of perception error with depth
beneath the surface of the phantom. The cone was displayed at Smm intervals
from 20mm in front of the phantom to 20mm behind and also at 40mm and
80mm. The measurements were pooled across 5 observers, who marked each
position 12 times, by first subtracting the average error for the four positions
above the surface to reduce any residual calibration error. In this way we examine
only the variation of error with depth.

3 Results

3.1 Clinical Evaluation Results

The results of the clinical evaluation can be seen in table 1. To summarise, of
the 17 operations the accuracy was judged to be 1mm or better in 5 cases (29%),
2mm or better in 11 cases (65%).

The operations where errors were greater are worth considering in some de-
tail. There were 3 cases in which errors of greater than 3mm were recorded. For
patient A, early in the project development, anatomical landmark registration
was used which we know is prone to inaccuracy. This led to the development of
other registration strategies. For patient F, soft tissue movement, or brain shift,
had occurred. This is known to be a problem for neurosurgical guidance [10,11].
In the case of patient J the LADS was a poor fit due to the fact that few teeth
were available. This underlines the need for careful patient selection when the
LADS is to be used.

Despite high errors, in two of these cases craniotomy planning was possible.
For patients F and J the craniotomy site was adjusted using the system and
found to be well positioned. Stereo AR guidance enables craniotomy planning to
be carried out in a simple and intuitive manner since the position of the lesion
can be visualised directly on the patient.

Registration was judged to have failed in 2 cases. Patient B was our first
attempt at an alternative registration technique. Here, markers were attached
to a radiotherapy mask in the hope that these would provide a more accurate
registration than anatomical landmarks. Though face moulds are an accurate
technique for radiotherapy, where imaging and therapy are performed with the
patient in a similar position, skin motion causes significant errors for use during
surgery. It was after this procedure that we began development of the LADS. In
the case of patient N draping was performed in a manner that did not leave suf-
ficient line-of-sight to the tracking markers on the LADS. This demonstrates the



Table 1. List of operations and MAGI performance evaluation.

Patient

Registration

Effect on

ID Pathology Accuracy (mm) Procedure .

A Epidermoid cyst 3-5 None Anatomical Registration

B Glomus jugulare >10 (fail) None Radiotherapy mask registration
C Ethmoid carcinoma 2 (initial) None Initial LADS design (unstable)
D Carotid lesion 2-3 None LADS Mk II (heavy)

E Petrous apex cyst 1 Increased confidence Current LADS design

F Superficial AVM 34 Craniotomy navigation Brain shift

G Facial nerve angioma <1 None Accurate LADS

H Clivus meningioma 1-2 Uncomfortable bone-pin position -

I Vestibular Schwannoma 2 None Good 3D perception (moving texture)
J Parietal meningioma ~3-10 Craniotomy navigation Poor LADS fit (few teeth)

K Vestibular Schwannoma (NF2) 1-2 Improved outcome Aided in long procedure

L Subfrontal meningioma 1-2 None Excellent 3D perception of vessels
M Olfactory neuroblastoma <1 None Accurate LADS repositioning
N Subfrontal meningioma fail none Inappropriate draping

M Recurrent ethmoid meningioma 1 Full extraction Pointer only with LADS

N Ethmoid carcinoma 1-2 Improved confidence Imaging 1 week earlier + pins
@] Adenocarcinoma 1 improved confidence Bone surface registration
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importance of having someone who knows the guidance system present during
this phase of the operation.

Apart from the craniotomy examples, the system was found to be beneficial
in a number of other cases. Patient E had bilateral petrous apex cysts with only
one side being symptomatic. Due to the possibility of the need for a further
operation on the contralateral side it was decided to take an alternative path to
the more common translabyrinthine approach to preserve hearing. This required
high accuracy to avoid damage to either the carotid artery or facial nerve. The
operation was successful and the surgeon commented that MAGI has been a
significant aid to confidence in an unfamiliar approach.

Patient N had an ethmoid carcinoma extending into the left orbit and was
also blind in the right eye. The aim of surgery was to remove the lesion with
as little damage to the optic nerve as possible. It was reported that the system
again improved the surgeon’s confidence, in particular that the correct position
had been reached along the ethmoid without invading the sphenoid sinus.

Patient O had a low grade recurrent adenocarcinoma of the ethmoid not
unlike patient N. A similar approach was taken and the system was judged to
have aided confidence in a similar manner, also aiding in achieving full extraction
of the lesion.

With patient M there was insufficient time between imaging and the opera-
tion to perform segmentation for overlays. Nonetheless the pointer-based guid-
ance proved highly valuable and showed the accuracy of registration achieved
with the LADS. This patient had abnormal anatomy that meant that a portion
of the lesion, a meningioma again in the ethmoid, would not have been extracted
without guidance.

Patient K had a very large vestibular Schwannoma as a result of neurofibro-
matosis 2. This was a potentially very hazardous procedure as the lesion was
close to several critical structures including the brain stem and basilar artery
and the approach could involve the carotid artery, lateral sinus or jugular. One
ENT surgeon and two neurosurgeons participated in an operation that lasted
some 15 hours. At several points the system was used while surgery proceeded
in a manner that would not be possible with pointer-based guidance. All three
surgeons reported that the system had improved both confidence and outcome
for the patient. Though full extraction was not achieved there was no significant
damage to vital structures and the patient showed great improvement as a result
of surgery.

3.2 Depth Perception Results

In the first experiment, the error magnitude in marking the virtual cone without
a real surface present was 1.05+0.25mm. With the physical surface present this
rises to 2.1+0.3mm. This demonstrates that the presence of the physical surface
has an effect on accuracy, but does not give any information about the direction
of the error or its relationship to the depth of the cone.

The results of the second experiment are shown in figure 3. All subjects
showed a tendency to see the virtual cone as deeper into the surface than its
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Fig. 3. Profile of error in depth perception, showing that the virtual cone is perceived
as deeper than its actual position when less than 20mm deep to the real surface.

true position for depths of 0-20mm. The peak error appears at approximately
15mm below the surface and there is a characteristic shape to the graph.

4 Conclusions

This paper presents the first clinical evaluation of a stereo augmented reality
system for surgery guidance. Though there were 5 failed or inaccurate registra-
tions these were due to specific mistakes that led to the development of new
methodology or changes in practice. It is hoped that inclusion of these cases in
the paper will provide useful information for those developing such systems.

Of the remaining cases the average accuracy was ~1.5mm, which is a good
accuracy for any guidance system but particularly impressive for an AR system.
Where confidence is improved, as happened in three cases, there is the possibility
that the system will make a difference to outcome or perhaps decrease the time
taken for an operation. It should be borne in mind that overconfidence in an
inaccurate system could potentially be damaging, but this was not the case in
any of our procedures. In two cases it was assessed that clinical outcome had
definitely been improved by MAGI.

Early problems with 3D perception led to the development of the MARS sys-
tem. The presence of a physical surface causes the virtual surface to be perceived
up to 3mm deeper than its displayed position with a characteristic shape to the
dependence on depth. This could potentially be a problem if a critical structure
is assumed to be further than its true position, though the error should reduce as
the surgeon works towards the target. Though this phenomenon has been estab-
lished in the laboratory it has not proven to be a problem in any of our clinical
cases with MAGI so far. Also we are investigating whether other graphical cues
can reduce or eliminate this error.

It is hoped that this account will encourage those who are developing AR
navigation systems to involve surgeons and to evaluate their devices in the clin-
ical environment at as early a stage as possible. We believe we have already
demonstrated the potential of AR as a means of guiding surgery and hope that
this work strengthens the case for its continued development.
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