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Preface

The seventh symposium on “Nutritional Aspects of Osteoporosis” continues to be the 
primary forum for scientists to focus on the impact of nutrition on bone health in 
general. Since 1991, the year of the first symposium, research in this field has 
increased impressively and has become an established part of research and science in 
osteology. This symposium in particular featured many global comparisons in diet 
and the effect on bone. As Western diet permeates more of the globe and the popula-
tion continues to grow, it is meaningful to study the impact of these changes on bone 
health as diet is one of the few major modifiable factors which in turn affects health 
care costs. Calcium, vitamin D, and acid-base balance continued to dominate the 
discussion. The symposium offered an opportunity to learn about theories and data in 
nutritional research concerning bone as well as methodological approaches to clas-
sify diets. The proceedings allow the reader to capture the new messages, to analyze 
the new scientific data presented, and to use the book as a source of references in this 
field.

Peter Burckhardt
Bess Dawson-Hughes

Connie Weaver
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1.1 � Introduction

For most parts of the skeleton, peak bone mass is 
achieved by the end of the second decade of life. 
Puberty is the period during which the sex difference in 
bone mass observed in adult subjects becomes 
expressed. More than 60% of the variance of peak bone 
mass, the amount of bone present in the skeleton at the 
end of its maturation process, is genetically deter-
mined. The remainder is influenced by factors amena-
ble to intervention, such as adequate dietary intake of 
calcium and proteins or dairy products as a source of 
these nutrients. A significant positive association can 
be found between long-term protein intakes, and 
periosteal circumferences, cortical area, bone mineral 
content, and with a calculated strength strain index.

In a recent study, we found that BMD/BMC in pre-
pubertal boys were positively associated with sponta-
neous protein intake. But in this study, increased 
physical activity was associated with greater BMC at 
both axial and appendicular sites under high, but not 
low, protein intake. Thus to optimize bone mass accrual 
through dietary and physical exercise measures, these 
interactions as a valuable primary measure for the pre-
vention of fractures later in life should be taken into 
account.

1.2 � Bone Mass Acquisition

Childhood and adolescence are periods characterized by 
growth, development, and maturation of the various 
body systems, including the skeletal tissue.1 Bone mod-
eling begins with the development of the skeleton during 
fetal life and continues until the end of the second decade, 
when the epiphyseal growth plates are closed and longi-
tudinal growth of the skeleton is completed. During 
childhood and adolescence, bones are modeled by bone 
formation and resorption occurring in distinct locations, 
leading to the various bone shapes in adults. Although 
bone remodeling also starts during fetal life, the highest 
level of remodeling is achieved during adolescence. 
Remodeling replaces an old bone with a new one with-
out changing the shape of the bone. This process allows 
for the preservation of skeletal mechanical integrity (e.g., 
through (micro-)fracture repair) and the control of cal-
cium homeostasis by releasing calcium into the circula-
tion when necessary. Peak bone mass, which is defined 
as the amount of bone present in the skeleton at the end 
of its maturation process, is considered to be achieved by 
the end of the second decade of life.1 Indeed, prospective 
observational studies suggest that more than 95% of the 
adult skeleton is formed by the end of adolescence.2 
Some consolidation, particularly in the cortical bone of 
male individuals and representing a few percents, can 
take place during the third decade of life.

An estimate of bone strength derived from the size 
and the cortical thickness of the distal radius indicates a 
marked increase of resistance to bending throughout 
puberty.3,4 In adolescents, the peak of high longitudinal 
growth precedes by 1–2 years the peak in bone mineral 
mass accrual during pubertal spurt, highlighting a dis-
sociation between longitudinal growth and bone mass 
accumulation.5 For the midfemoral shaft, this dissocia-
tion in time is detectable in males, but less in females.
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1.2.1 � Factors Influencing Bone Mineral 
Mass Gain and Peak Bone Mass 
Acquisition

Bone mineral mass gain during childhood and adoles-
cence is influenced by many factors including heredity 
and ethnicity, gender, diet (calcium and protein intakes), 
physical activity, endocrine status (such as sex hor-
mones, vitamin D, growth hormone, and insulin-like 
growth factor (IGF)-I) (Fig. 1.1),1,6 as well as exposure 
to risk factors such as cigarette smoking and alcohol 
intake. Sixty to eighty percent of the variance in peak 
bone mass is explained by genetic factors suggesting 
that the remainder may be amenable to interventions 
aimed at maximizing peak bone mass within its geneti-
cally predefined variance.7 As a 10% increase in peak 
bone mass corresponds to a gain of 1 standard devia-
tion in bone mineral density in adulthood, osteoporotic 
fracture risk may be reduced by up to 50% by interven-
tions aimed at maximizing peak bone mass in a sus-
tainable manner. According to a computer simulation 
of the bone remodeling process, a 10% higher than the 
mean young adult areal BMD (aBMD) corresponds to 
menopause being delayed by 13 years.8

1.2.1.1 � Dietary Intakes and Bone growth

Dietary proteins provide the body with the necessary 
amino acids for building the bone matrix.9 Dietary proteins 
influence bone growth, as they modify the secretion and 
action of the osteotropic hormone IGF-I.10 As such, dietary 
proteins may modulate the genetic potential of peak bone 
mass attainment.11 Low protein intake was shown to have 
deleterious effects on bone mineral mass acquisition by 
impairing the production and effects of IGF-I.10,12,13 IGF-I 
promotes bone growth by stimulating the proliferation and 
differentiation of chondrocytes in the epiphyseal growth 
plate and directly affects the osteoblasts, the bone-forming 
cells.14 In addition, IGF-I increases the renal conversion of 
25 hydroxy-vitamin D

3
 into the active hormone 1,25 dihy-

droxy-vitamin D
3
 and thereby contributes to increased cal-

cium and phosphorus absorption in the gut.15 Furthermore, 
IGF-I directly increases the renal tubular reabsorption of 
phosphorus.15

1.2.2 � Evidence from Association Studies

Prospective observational studies suggest that both 
calcium and protein intakes are independent variables 

Dietary intakes

Proteins
Liver

GH IGF-I

IGF-I

BloodGut

TmPi

Kidney

1,25D

25D

a.a

Vitamin D from
Skin

Bone

Heredity
Sex Hormones

Mechanical Force

Ca
Pi

Ca
Pi

Ca
Pi

+

+

+

+

+

+

Ca, Pi, Vitamin D

Fig. 1.1  Dietary intakes and 
bone/calcium–phosphorus 
homeostasis
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of bone mineral mass acquisition, particularly before 
the onset of pubertal maturation.2,11,16–18 Therefore, it is 
possible that both protein and calcium play a role in 
the greater gain of total body aBMD/BMC, which 
has  been observed in milk-supplemented adolescent 
girls.19 In a recent study, we found that BMD/BMC 
changes in prepubertal boys were positively associated 
with spontaneous protein intake.20 In addition, this 
study has also shown that protein intake modulates the 
effect of calcium supplementation on bone mineral 
mass gain in prepubertal boys.21 Hence, in prepubertal 
boys, the favorable effects of calcium supplements 
were mostly detectable in those with a lower protein 
intake. At higher protein intake, the effect of calcium 
was not significant, suggesting possibly that calcium 
requirements for optimal bone growth could be lower 
at high levels of dietary protein. In the same study, 
increased physical activity was associated with greater 
BMC at both axial and appendicular sites under high, 
but not low, protein intake20 (Fig. 1.2).

Furthermore, nutritional environmental factors 
seem to affect bone accumulation at specific periods 
during infancy and adolescence. In a prospective sur-
vey carried out in a cohort of female and male subjects 
aged 9–19 years, food intake was assessed twice, at a 
1-year interval, using a 5-day dietary diary method 
with weighing of all consumed foods.2 In this cohort of 
adolescents, we found a positive correlation between 
yearly spine or midshaft femur bone mass gain and 
calcium or protein intake. This correlation appeared to 
be significant mainly in prepubertal children, but not in 
those having reached a peri- or postpubertal stage. 

It remained statistically significant after adjustment for 
spontaneous calcium intake.

In a prospective longitudinal study performed in 
healthy German children and adolescents of both gen-
ders between the age of 6 and 18, dietary intakes were 
recorded over 4 years, using an yearly administered 
3-day diary.22 Bone mass and size were measured at the 
radius diaphysis by peripheral quantitative computer-
ized tomography. A significant positive association 
was found between long-term protein intakes, on the 
one hand, and periosteal circumferences, cortical area, 
bone mineral content, and with a calculated strength 
strain index, on the other hand (Fig. 1.3). The relatively 
high mean protein intakes in this cohort with a Western 
style diet should be highlighted. Indeed, protein intakes 
were around 2 g/kg body weight × day in prepubertal 
children, whereas they were around 1.5 g/kg × day in 
pubertal individuals. Note that the minimal require-
ments for protein intakes in the corresponding age 
groups are 0.99 and 0.95  g/kg × day, respectively. 
There was no association between bone variables and 
intakes of nutrients with high sulfur-containing amino 
acids or intake of calcium. Overall, protein intakes 
accounted for 3–4% of the bone parameters variance. 
However, even when they are prospective and longitu-
dinal, observational studies do not allow one to draw 
conclusion on a causal relationship. Indeed, it is quite 
possible that protein intake could be, to a large extent, 
related to growth requirement during childhood and 
adolescence. Only intervention studies could reliably 
address this question. A recent study suggests that the 
effects of protein intake on bone may depend on the 
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type of proteins. Increased intakes of aromatic amino 
acids, as found in soy, cereals, and dairy products, 
were shown to lead to higher serum IGF-I levels than 
were found with increased intake of branched chain 
amino acids.23 We may thus hypothesize that the 
dietary intake of particular proteins might play a 
greater role in bone modeling and in the acquisition of 
PBM than others.

In addition to calcium, phosphorus, calories, and vita-
mins, one liter of milk provides 32–35  g of protein, 
mostly casein, but also whey proteins which contain 
numerous growth-promoting elements. Casein may 
enhance calcium absorption and mineral retention. In a 
balanced diet, about 70% of dietary calcium come from 
milk and dairy products, 16% from the few vegetables 
and dried fruits that are considered as good sources of 
calcium, and the remainder from minerals and drinking 
water or other discrete sources.

The correlation between dairy products intake and 
bone health has been investigated in cross-sectional 
and longitudinal observational studies, and in interven-
tion trials (Table 1.1).24 In growing children, long-term 
milk avoidance is associated with smaller stature and 
lower bone mineral mass, either at specific sites or at 
the whole body levels.25–27 Low milk intake during 

childhood and/or adolescence increases the risk of frac-
ture before puberty mainly of the distal radius, gener-
ally occuring after a low energy trauma such as a fall 
from standing height (+2.6-fold), and possibly later in 
life.28,29 In a 7-year observational study, there was a 
positive influence of dairy products consumption on  
a BMD at the spine, hip, and forearm in adolescents, 
leading thereby to a higher peak bone mass.30 In con-
trast to widespread preconception, milk consumption 
was not associated with excessive weight gain or 
increased body fat, but was associated with increased 
body height. Of interest, calcium supplements did not 
affect spine aBMD in this study. In addition, higher 
dairy products intakes were associated with greater 
total and cortical proximal radius cross-sectional area. 
Regular intake of dairy products throughout adoles-
cence increased aBMD at the hip and the spine, while 
calcium supplements had no effect at the spine. These 
observations may suggest that calcium supplementa-
tion essentially affects bone remodeling, while dairy 
products are likely to exert an additional effect on bone 
modeling, resulting in increased bone growth and 
periosteal bone apposition. These observations are con-
sistent with earlier reports indicating that children who 
did not consume any dairy products had smaller stature 
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due to short bones. In agreement with this observation, 
milk consumption frequency and milk intake at age 
5–12 and 13–17 years were significant predictors of the 
height of 12–18-year-old adolescents, studied in the 
NHANES 1999–2002.31,32 After menarche, girls with 
milk intakes below 55 mL/day had significantly lower 
aBMD, BMC, and IGF-I as well as higher PTH com-
pared to girls consuming over 260  mL/day of milk 

alongside other dairy products. Finally, consuming less 
than a glass of milk per week during childhood and/or 
adolescence was associated with a 3% reduction in hip 
BMC and aBMD and with a twofold increase in frac-
ture risk during adulthood.33

1.2.3 � Evidence from Randomized 
Controlled Intervention Trials

The earliest controlled intervention trials were pub-
lished more than 80 years ago by Orr51, and by Leighton 
and Clark.34 They reported that a daily intake of 400–
600  mL of milk, in addition to a normal diet, had a 
positive effect on height gain in Scottish school chil-
dren over a 7-month observation period. In one ran-
domized study with 8-year-old boys, high milk intake 
(1.5 L/day), but not high meat intake (250 g/day), and 
identical protein included in the normal diet for 7 days 
reduced bone turnover as assessed by biochemical 
markers of bone resorption (C-terminal telopeptides of 
type I collagen, CTx) and formation (serum osteocal-
cin, OC and bone-specific alkaline phosphatase, BSAP) 
vs. baseline.35 After 7 days, the average daily protein 
intake increased in both groups by 47.5 g, yet the milk 
group had higher (p < 0.0001) calcium intake, suggest-
ing that calcium and/or some milk-derived compounds, 
rather than the total protein intake, accounted for the 
decrease in bone turnover.

Three more recent intervention trials confirmed the 
beneficial effect of milk/dairy products on bone min-
eral mass during growth. In the first study, the effect 
of  milk supplementation on total body bone mineral 
acquisition in adolescent girls, with a mean age 12.2 
years, was evaluated in an open randomized interven-
tion trial.36 The intervention group received 568  mL 
(one pint) of whole or reduced fat milk per day for 18 
months, the control group did not. With this milk sup-
plement, the differences between the treated and con-
trol groups in calcium and protein intakes at the end of 
the study were around 420  mg/day and 14  g/day, 
respectively, taking into consideration the spontane
ous consumption. Compared to the control group, the 
intervention group had greater increases of whole body 
bone mineral density and bone mineral content. Among 
the various skeletal sites, pelvis and legs showed the 
highest response to milk supplements. Serum levels of 
IGF-I were significantly higher than in the control 

Table  1.1  Positive influence of dairy products on bone mass 
accrual

Bone variable measured

Observational studies

Alexy et al22 Radius

Black et al25 Whole body, spine, radius, 
proximal femur

Budek et al17 Whole body, spine

Esterle et al18 Spine

Hoppe et al11 Height

Matkovic et al46 Metacarpal

Matkovic et al30 Spine, neck, radius

Moore et al47 Whole body

Teegarden et al19 Whole body, spine, radius

Wiley31 Height

Intervention trials

Baker et al48 Height

Budek et al35 Turnover

Cadogan et al36 Whole body

Cheng et al37 Spine

Du et al38 Whole body

Lau et al49 Whole body, spine, neck

Leighton and Clark34 Height

Merrilees et al50 Spine, proximal femur

Orr51 Height

Zhang et al43 Whole body

Zhu et al40 Metacarpal

Zhu et al42 Whole body

Zhu et al41 Metacarpal

Zhu et al52 Whole body

Study duration, populations investigated and outcome were dif-
ferent, but all the data support a favorable influence of dairy 
products on bone growth11,17–19,22,25,30,31,34–43,46–52
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group (+17%). In another open randomized controlled 
study with healthy 10–12-year-old girls with low 
dietary calcium intakes at inclusion, increasing cal-
cium intake by consuming cheese (1,000 mg calcium 
daily) appeared to be more beneficial for cortical bone 
mineral mass accrual than was tablet form supplemen-
tation of the same amount of calcium.37 The largest 
randomized controlled intervention trial with dairy 
products was conducted in 10-year-old Chinese girls 
in nine primary schools. In the first and the second 
group, the subjects received 330 mL milk fortified with 
calcium, with or without vitamin D supplementation, 
on school days for 2 years.38,39 A third group served as 
control. Significantly higher gains in height, body 
weight, BMC and aBMD were observed in the groups 
receiving milk, with or without vitamin D, indicating 
that school-milk programs during childhood may 
improve bone growth. In addition, greater increases 
in  cortical thickness measured in metacarpal bone 
and  higher IGF-I concentrations at 24 months were 
observed in both groups receiving milk.40–43

1.2.4 � Consequences of Milk  
Displacement from Diet

Overall, increased dietary intake of dairy products 
enhances bone mineral acquisition in children and 
adolescents and could contribute to maximize PBM. 
In addition, milk intake at a younger age may instigate 
similar habits of milk intake later in life. Calcium 
intakes do not currently meet recommended dietary 
intakes (RDI) in many countries. In France, for exam-
ple, where the RDI for calcium is 1,200 mg/day for 
adolescents, 41–48% of the boys and 63–73% of the 
girls consume less than two thirds of the RDI between 
11 and 17 years of age. One of the proposed explana-
tions is that in western diet milk has been displaced by 
soft drinks and that the displacers are beverages con-
taining caffeine and phosphoric acid, such as cola, 
which may have additional and direct deleterious 
effects on bone due to the relative metabolic acidosis 
and high levels of phosphate they induce. This hypoth-
esis was tested in a short-term 10-day study that 
showed that high intake of cola along with a low-cal-
cium diet induced increased bone turnover compared 
to a high intake of milk with a low-calcium diet, sug-
gesting that the current trend toward a replacement of 

milk with cola and other soft drinks may negatively 
affect bone health.44 In 2004, the American Academy 
of Pediatrics Committee on School Health issued a 
preventive statement indicating that the displacement 
of milk consumption by soft drinks resulted in cal-
cium deficiency with an increased risk of osteoporosis 
and fractures.45

1.3 � Conclusions

Athough more than 60% of the variance of peak bone 
mass, the amount of bone present in the skeleton at the 
end of its maturation process, is genetically deter-
mined, other factors amenable to positive intervention, 
such as adequate dietary intake of calcium and pro-
teins, or dairy products as a source of these nutrients, 
can influence bone mass accrual. Indeed, a significant 
positive association can be found between long-term 
protein intakes, and bone mineral mass or bone size. In 
prepubertal boys, the positive association between 
spontaneous bone growth spontaneous and protein 
intake modulates the effects of increased physical 
activity. Indeed, greater BMC at both axial and appen-
dicular sites in boys with increased physical exercise 
was found under high but not low protein intake. Thus 
to optimize bone mass accrual through dietary and 
physical exercise measures, these interactions as a 
valuable primary measure for the prevention of frac-
tures later in life should be taken into account.
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2.1 � Introduction

Fractures continue to constitute a major public health 
problem of aging despite recent evidence that the age-
specific rate may be falling.1 The facts that before dying 
at a median age of approximately 83 years, 50% of 
women would have sustained a fracture with its conse-
quent morbidity, and health care costs give some idea of 
the magnitude of the problem. As with other common 
health problems such as atherosclerotic cardiovascular 
disease, a combination of the whole of the population 
public health approach with pharmaceutical intervention 
for those at highest risk is recommended. In this regard, 
increased calcium supplementation to counteract reduced 
intestinal calcium absorption and increased renal excre-
tion due to the loss of the effect of estrogen on these two 
mechanisms2 is now widely accepted as is vitamin D 
supplementation due to a reduction in skin exposure to 
sunlight. Interestingly this latter factor, which in the 
absence of adequate sunlight can be replaced in the diet, 
has also been shown to play a significant role in falls 
prevention which together with osteoporosis constitute 
the pathological basis for fracture.

In recent years, there has been an increased interest in 
other nutrient deficiencies that may play a role in the 
increasing risk of fracture with age. In this regard, a 
research group, The Protein Intake Metabolic Outcome 
Study Collaborators, was formed in 2005. The basis of our 
interest was stimulated by early evidence that increased 
protein intake may be beneficial rather than being deleteri-
ous to the skeleton may be beneficial. In addition, there is 

some evidence that muscle function may be enhanced by 
increased protein nutrition. It is possible that the magni-
tude of the effect could play a role in falls reduction and 
thereby reduce fracture risk. This chapter reviews recent 
ongoing work undertaken by our group in relation to the 
substantial work done by others in the area.

2.2 � The Epidemiology of the Effects  
of Aging on Nutrition (Table 2.1)

There is a relative paucity of data on the effects of aging 
on nutrient intake. Indeed, it is not infrequent to consider 
that there is a greater problem from overnutrition than 
undernutrition, often based on studies of younger indi-
viduals. We have therefore recently reviewed data from a 
longitudinal study of 954 free-living elderly women aged 
70–85 years at baseline who survived 7 years from a 
cohort of 1,500 elderly women recruited in 19983.

Compared to national data, this study population 
had a higher rate of overweight (44.2% vs. 35.6%), but 
a similar rate of obesity (21.9% vs. 22.9%).4 This sug-
gests that the increase in body size seen in Australia 
extends to older adulthood (>70 years), where the prev-
alence of chronic disease is already high and over-
weight and obesity remain as strong determinants of 
chronic disease.5 The change in nutrient intake data is 
shown in Table 2.1. Over the 7 years, there was a reduc-
tion in energy intake and 68–76% of the population fell 
below the ideal Acceptable Macronutrient Distribution 
Range (AMDR) for energy intake6 possibly related to 
declining appetite.7 The reduction in energy intake 
extended to all three major classes of nutrients includ-
ing protein, although protein intake was substantially 
above previously recommended levels.8 In addition, it 
is clear that over the 7 years, there was a gradual 
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reduction in weight, fat mass as shown by triceps skin 
fold and muscle mass as shown by corrected upper arm 
girth. Thus it is possible that at least a proportion of the 
aging population may benefit from an increase in pro-
tein nutrition. This concept has been pursued in two 
further studies of the relation between protein nutrition 
and bone and muscle mass and function.

2.3 � Epidemiology of the Effects  
of Protein Nutrition on Bone  
and Muscle Structure

The data on protein effects on bone and muscle have 
been published in two recent papers, both of which uti-
lized data from the longitudinal study of aging in women 
which formed the basis for the report discussed above.

The subjects were recruited from the Western 
Australian general population of women over 70 years 
of age for a 10-year cohort study, where the first 5-year 
study was a prospective randomized controlled cohort 
trial of supplemental oral calcium to prevent osteoporo-
tic fractures3 and years 6–10 were a study of health out-
comes with aging. Initially, a letter was sent to 24,800 
individuals selected at random from the electoral roll, 

which has the names and addresses of 98% of women 
of this age. Of the 4,312 women who responded to the 
letter, 34% joined the study. No subjects had any medi-
cal condition likely to influence the 5-year survival 
and subjects were not taking bone-related medication 
including calcium supplements, estrogen, bisphospho-
nates, and vitamin D at enrolment. Although women 
enrolled in this study were weighted in favor of those in 
higher socioeconomic categories, they did not differ 
from the whole population in health resource utiliza-
tion.9 During the intervention phase of the study (first 
5 years), subjects were randomized to receive 1.2 g of 
calcium carbonate daily or matched placebo. At the 
commencement of the study, each subject completed a 
self-administered semiquantitative food frequency 
questionnaire developed by the Anti Cancer Council of 
Victoria (ACCV)10–12, from which the daily dietary 
intake of energy, carbohydrate, protein, fat, and calcium 
were derived. The dietary calcium was from food alone 
and did not include the amount from any supplement.

2.3.1 � Study 1

The first report was of a cross-sectional study of pro-
tein intake effects on bone mass.13 The demographics 

Baseline (n = 949) 60 months (n = 949) 84 months (n = 949)

Age (years) 74.9 ± 2.6 79.9 ± 2.6* 81.9 ± 2.6*

Weight (kg) 68.7 ± 11.9 67.9 ± 12.0* 66.8 ± 12.0*,**

Corrected tricep skinfold (cm) 0.86 ± 0.26 0.85 ± 0.25 0.70 ± 0.26*,**

Corrected upper arm girth (cm) 1.03 ± 0.12 1.02 ± 0.13* 0.92 ± 0.13*,**

Physical activity (kJ/day)a 498 (191, 866) 448 (122, 807) 382 (0, 782)*,***

Nutritional intake

Energy (kJ/day) 7,206 ± 2,134 6,866 ± 2,307* 6,522 ± 2,150*,**

All fats (g/day) 65 ± 24 62 ± 26* 62 ± 24*

Protein (g/day) 81 ± 27 78 ± 31**** 75 ± 28*,***

Carbohydrates (g/day) 193 ± 59 182 ± 61* 176 ± 59*,***

Table 2.1  Anthropometric measurements of elderly women in the CAIFOS CARES cohort from baseline to 84 months

Results are mean ± SD unless otherwise stated
*Significantly different from baseline (p < 0.001)
**Significant differences between 60 and 84 months (p < 0.001)
***Significant differences between 60 and 84 months (p < 0.05)
****Significantly different from baseline (p < 0.05)
aMedian (interquartile range)
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are shown in Table  2.2. Protein intake in Australian 
elderly women was found to be higher than previously 
recommended (0.94 g/kg). Furthermore, although there 
was a high correlation between protein intake and other 
nutrients, there was a low correlation with body weight 
emphasizing the fact that body composition is the result 
of past intake and not current nutrient intake.

Figures 2.1 and 2.2 show the relationship between 
protein intake in tertiles and bone structure at the heel 
site, measured by bone ultrasound attenuation (BUA) 
and hip areal BMD measured by DXA. After adjust-
ment for age and BMI, individuals in the highest tertile 
of protein intake had the best bone structure at the heel 
and hip sites. Calcium intake was not significant in the 
model. A 50% increase in protein intake from the 
median 55 to 103 g was associated with a 2% increase 

in bone structure. So, although the effect size was not 
large, nevertheless, it was possible to be demonstrate it 
in an epidemiological study.

2.3.2 � Study 2

Next, we studied the protein intake effect on bone and 
muscle in a 5-year longitudinal design utilizing the 
data acquired as part of an RCT of calcium supplemen-
tation.14 The study sample consisted of 862 commu-
nity-dwelling women who had their nutritional intake 
assessed at baseline as indicated above and had a mea-
surement of whole body DXA composition at 5 years. 
The baseline data is shown in Table 2.3. It is evident 
that individuals with a high protein intake were physi-
cally more active and had a higher calcium intake.

The relationship between baseline protein intake and 
bone mass at 5 years is shown in Fig. 2.3. It is clear that 
similar to the cross-sectional data, high protein intake was 
associated with high total body bone mass. There were 
insufficient individuals for heel ultrasound and hip DXA 
at 5 years to examine these endpoints. These data are con-
sistent with some13,15,16, but not all17 studies that have 
shown that a high protein intake is associated with reduced 
bone loss, and reduced risk of hip fracture.18

In addition to studying the effects of protein intake on 
bone mass, we were able to study the effects on muscle 
mass and fat mass. There was no relation between pro-
tein intake and fat mass. On the other hand, there was a 
substantial positive effect of baseline protein intake on 
muscle mass (Fig. 2.4). Thus subjects consuming 20% 
of kJ as protein as opposed to 17% of their kJ as protein 
had a 5.3% higher whole body lean mass, and 6.6% 
higher appendicular lean mass independent of age, body 
size, energy intake, and physical activity level.

These findings are consistent with the results of the 
Health ABC study in the US,19 which showed that the 
community-dwelling older people in the highest quin-
tile of protein intake lost 40% less lean mass and 
appendicular lean mass than did those in the lowest 
quintile of protein intake over a 3-year period, but are 
inconsistent with two cross-sectional studies.20,21 
Interestingly, the beneficial relationship between pro-
tein intake and whole body bone mass disappeared 
after adjustment for muscle mass effects. This raises 
the interesting possibility that the bone effect is depen-
dent on the muscle effect.

Variable Value

Number 1,077

Age (years) 75 ± 3

Weight (kg) 68.5 ± 1.9

BMI (kg/m2) 27.1 ± 4.5

Protein (g/day) 80.5 ± 27.8

Protein (g/kg body  
weight/day)

1.19 ± 0.44 (range 0.31–4.51)

Protein (% of energy) 19 ± 2.9

Table  2.2  Baseline demographics of subjects in the study of 
protein consumption and lower limb bone mass

a
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Fig. 2.1  Effects of differing habitual protein intake on heel ultra-
sound bone ultrasound attenuation (BUA). Results are mean ± SE 
heel ultrasound BUA corrected for age and BMI. Bars with dif-
ferent letters differ at p < 0.05 (reproduced from Devine et al13)
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2.3.3 � Conclusions

The nutritional epidemiology of body composition is a 
difficult area of study for a variety of reasons. First, there 
are substantial cocorrelations between nutrient intakes 

which make identification of a specific effect uncertain. 
Second, there are the problems of confounding of effects 
due to unrecognized baseline cocorrelates inherent in all 
epidemiological investigation. Third, there is the problem 
of the effects of nutrition on body size in cross-sectional 
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Fig. 2.2  Effects of differing 
habitual protein intake in 
DXA BMD. Results are 
mean ± SE hip DXA 
corrected for age and BMI. 
Bars with different letters 
differ at p < 0.05 (reproduced 
from Devine et al13)

First tertile protein  
<66 g/day (n = 287)

Second tertile protein 
66–87 g/day (n = 287)

Third tertile Protein  
>87 g/day (n = 288)

Age (year) 74.9 ± 2.5 75.0 ± 2.6 74.7 ± 2.7

BMI (kg/m2) 26.4 ± 4.2 26.7 ± 4.7 27.3 ± 4.3*

Physical activity (kJ/day)a 466 (0–808) 530 (207–897)* 614 (237–1,002)*

Protein (g/day) 54.4 ± 9.1 76.6 ± 6.2* 110.9 ± 23.4*,**

Protein (% of energy) 17.7 ± 2.7 19.0 ± 2.3* 20.4 ± 3.2*,**

Calcium (mg/day) 704 ± 202 973 ± 243* 1,220 ± 364*,**

Table 2.3  Baseline demographics of a 5-year cohort study of the effects of high protein intake on lean mass and bone mineral 
content in elderly postmenopausal women

Results are mean ± SD
*Significantly different from the first tertile, p < 0.05
**Significantly different from the second tertile, p < 0.05 (ANOVA with Tukey’s test)
aMedian and interquartile range
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studies. This is because body size is determined by many 
long-term factors including genetic effects in childhood 
and adolescence and nutritional intakes in the past. Given 
this complexity, it is surprising that the relationships out-
lined above are evident. Nevertheless, it is essential to 

subject observational studies of beneficial effects to con-
trolled clinical trial interventions before cause and effect 
can be validly concluded. To this end, we have com-
menced a 2-year RCT of increased protein intake against 
identical placebo as outlined below.
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2.4 � A Population-Based, 2-Year 
Randomized, Double Blind  
and Placebo Controlled Trial  
of Protein Supplementation

In 2005, we commenced planning for an RCT of the 
effects of increased protein intake on body composition 
and metabolic outcomes, the PIMES (Protein Intake 
Metabolic Effect Study). Preliminary data on 1-year 
end points have been presented here.

The study design was to recruit community-dwell-
ing ambulant women aged 70–80 years and offer them 
an intervention of a daily 250  mL drink. One con-
tained a protein supplement group consisting of 30 g 
of whey protein isolate (Alacen 894, Fonterra NZ), 
600 mg of calcium as calcium lactate, and 1,050 kJ of 
energy. The placebo contained 1.7 g protein, 600 mg 
of calcium as calcium lactate, and was isocaloric with 
the protein drink. Hundred women were recruited to 
the protein drink and 95 to the placebo drink. Body 
composition was measured at baseline and 1 year 
using whole body dual-energy X-ray absorptiome
try  and knee strength was assessed by isokinetic 
dynamometer.

The baseline demographics are shown in Table 2.4. 
There were no differences between the two groups for 
any of the factors assessed which were similar to the 
values obtained in the epidemiological studies. The 
effect of the intervention on lean mass, which is largely 
muscle mass in the appendicular regions including 
both arms and both legs and knee extensor and flexor 
strength is shown in Fig.  2.5. In essence, although 
there was an increase in lean mass and leg strength 
over 1 year there was no group difference.

2.5 � Conclusions

The lack of a protein treatment effect must be regarded as 
preliminary as the study was designed to be a 2-year 
intervention, because the time course of a protein nutri-
tional supplement was considered to be a long-term 
effect. Nevertheless, an alternate hypothesis that may be 
worth considering is that the increased calcium and 
caloric intake in both the groups may have induced a ben-
eficial effect on muscle mass and function. Clearly, this 
concept suggests that nutritional intake in the ambulant 
elderly may not be optimal to maintain skeletal function.

Protein group  
mean ± SD (n = 100)

Control group  
mean ± SD (n = 95)

p value

Age (year) 74 ± 3 74 ± 3 0.80

Height (m) 159.8 ± 6.3 159.8 ± 5.7 0.86

Weight (kg) 66.8 ± 11.1 69.6 ± 11.3 0.09

Dietary intakes assessed by 3-day  
food record

Energy intake (kJ/day) 7,074 ± 1,595 7,307 ± 1,456 0.29

Protein intake (g/day) 76.6 ± 18.0 77.9 ± 21.6 0.65

Fat intake (g/day) 60.7 ± 19.6 64.0 ± 18.9 0.24

Carbohydrate intake (g/day) 188.6 ± 50.0 192.1 ± 44.0 0.61

Energy intake from protein (%) 19.0 ± 3.5 18.5 ± 3.4 0.28

Body composition

Whole body lean mass (kg) 37.0 ± 4.7 37.7 ± 4.7 0.29

Appendicular lean mass (kg) 16.2 ± 2.4 16.6 ± 2.4 0.27

Total knee strength (kg) 25.2 ± 8.6 25.1 ± 8.7 0.93

Table 2.4  Baseline characteristics of the two test drink groups
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Abbreviations

BMC	 Bone mineral content
BMD	 Bone mineral density
IGF-1	 Insulin-like growth factor-1
IL-6	 Interleukin-6
NRAE	 Net renal acid excretion
PRAL	 Potential renal acid load
RDA	 Recommended daily allowance
TNF-a	 Tumor necrosis factor-alpha

3.1 � Introduction

There is a long-standing debate as to whether dietary 
protein is beneficial or detrimental to bone health. The 
proposed beneficial effects are due to the anabolic 
effects of protein on bone via hormones such as IGF-1 
and possibly increased calcium absorption. This view 
is supported by epidemiological research showing ben-
efits of increased protein intake on BMD and BMC 
within populations. However, high dietary protein 
intake has been shown to increase systemic acid load 
and thus could theoretically increase calciuria and bone 
resorption. Therefore, it has been suggested that dietary 
protein may be detrimental to bone health. Some cross-
cultural studies support this hypothesis with increasing 
dietary protein intake being associated with increased 
fracture among populations. However, this is not sup-
ported by the majority of published epidemiological 

studies within populations. Also, the hypothesis of a 
greater detriment caused by animal protein than vege-
table protein is not likely to be valid as some vegetable 
proteins produce as high an acid load as animal pro-
teins. The relationship between protein intake and bone 
health is indeed complex, with absolute intakes of pro-
tein and other aspects of the diet also modifying any 
effects seen, especially calcium and other acid-base 
relevant nutrients such as potassium and phosphate. A 
recent metaanalysis by our group assessed the effects 
of protein supplementation on BMD (presented at the 
ISNAO 2009 meeting and currently undergoing revi-
sions for publication). This meta-analysis highlights 
the fact that more large-scale intervention studies are 
now urgently required to exactly assess the true influ-
ence of protein on bone health and are likely to be the 
only true way to resolve the protein debate.

3.2 � Background

Bone is made, to a large extent, of protein and is con-
tinually being turned over. Not all protein can be reused 
by the body, so it requires a regular supply of new 
dietary protein for structure and maintenance.

Dietary protein has a variety of anabolic effects on 
bone. For example, it regulates the production of the 
growth factor IGF-1, which has a stimulatory effect on 
osteoblasts, promoting bone formation. Also, IGF-1 is 
important for the coupling of bone formation and 
resorption. Many research studies suggest that dietary 
protein also increases calcium absorption from the gut 
in humans1 and rats.2 Therefore, it may be important 
for the regulation of calcium balance. Therefore, the 
hypothesis has been put forward that a lack of dietary 
protein may be detrimental to bone.
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The picture is, however, complicated by the long-
term view that, theoretically, high protein intakes 
increase body acidity and thus may increase urinary 
calcium content which may detriment bone health. 
Different types of protein (animal, vegetable, soy) have 
slightly different sulfur amino acid contents. A hypoth-
esis has been put forward that they may have different 
effects on bone, with claims that animal proteins have a 
higher sulfur amino acid content, and therefore, higher 
acidosis and higher calciuric effect than vegetable pro-
teins. However, this hypothesis has been disputed by 
some authors as being flawed3.

Elderly people in the western world and people of all 
ages in the developing world are at high risk of malnu-
trition due to poor dietary intakes of nutrients, including 
poor protein intake. Low protein intakes in older people 
have been linked to increased bone loss4 and increased 
risk of fractures.5 However, high intakes of dietary pro-
tein in adults and children in the western world mean 
that the potential impact of high protein intakes on bone 
has also become an issue of large importance. Thus, it is 
very important to examine the possible influence of 
high and low protein intakes on bone health.

The current debate over the impact of protein 
intakes on bone health will be discussed below, as well 
as how protein interacts with other dietary nutrients 
and also the evidence for and against any differential 
effects of different types of protein on bone.

3.3 � The Potential Beneficial Effects  
of Protein on Bone

Dietary protein has been observed to be associated 
with increased production of the anabolic hormone, 
IGF-1,6–8 and thus may influence bone health via the 
production and action of this hormone.

IGF-1 increases bone mass by increasing bone for-
mation due to increased osteoblast activity. It also 
plays an essential role in the mineralization of bone 
matrix9 and is involved in the control of phosphate 
metabolism.10 Therefore, protein deficiency may 
decrease bone strength and alter bone microarchitec-
ture.3 It may also influence the release of cytokines 
(e.g., TNF-a, IL-6), which in some studies have been 
found to be detrimental to bone mass.11

Indeed, low protein diets have been shown to 
decrease the sensitivity of rat osteoblasts to IGF-112 
and decrease intestinal calcium absorption,1 which 

therefore could lead to reduced bone density. Indeed, 
low protein diets have been linked to secondary hyper-
parathyroidism13 and lower bone mass.4

The picture is further complicated by the fact that 
animal studies show that protein deficiency may affect 
some skeletal sites more than others. For example, 
Bourrin et al12 found an influence of protein deficiency 
on cortical but not trabecular bone formation in rats. 
Therefore, protein influences may be site-specific.

3.3.1 � Observational Studies Showing  
a Positive Association of Protein 
Intake and Bone Mineral Density

The effect of protein on bone health in pre and post-
menopausal women has been widely studied in cross-
sectional research. For example, Lacey et al14 found a 
positive correlation between current protein intake and 
midradial BMC of Japanese pre and postmenopausal 
women. Also, in another study, protein intake had a 
significant positive impact on bone mass density.15 A 
significant positive correlation between protein con-
sumption and BMD of the distal radius and proximal 
femur was found in an observational study of pre and 
postmenopausal women by Cooper et al16 Similarly, a 
study of the Framingham cohort found that low dietary 
protein was associated with increased femoral and spi-
nal bone loss, with lowest intakes being most detri-
mental.4 Also, Michaelsson et  al17 found a positive 
correlation between protein consumption and bone 
mass density of the femoral neck in Swedish pre and 
postmenopausal women. Last, Chiu et al18 found a sig-
nificant positive association between protein intake 
and lumbar spine BMD. However, in another study, no 
significant relationship was found between protein 
intakes and change in bone mass density in healthy 
postmenopausal New Zealand women over 2 years 
duration.19

Many positive associations between dietary protein 
intake and bone health have also been found in elderly 
populations. For example, a cross-sectional study in the 
USA of older postmenopausal women showed a posi-
tive relationship between protein intake and total body 
and hand BMD.20 Beneficial effects of dietary protein 
were also found for BMD in an Australian study21 and 
for BMC in a study of Seventh Day Adventists in the 
USA.22 Last, Geinoz et  al23 found that elderly Swiss 
hospital patients consuming at least 1  g protein per 
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kilogram ideal body weight had increased femoral neck 
bone mass density, with males also having higher lum-
bar spine bone mass density.

Protein may also have a synergistic role in respect 
to the beneficial effects of exercise on bone health. For 
example, Chevalley et  al24 found that higher dietary 
protein was correlated with a greater increase in BMC 
in pubertal boys undergoing exercise training than 
were lower dietary protein intakes. This would be as 
expected from physiology, as dietary protein is a sub-
strate necessary for increased bone and muscle growth, 
so any changes in size stimulated by exercise are likely 
to manifest if adequate protein is present.

3.3.2 � Supplementation Studies Showing 
a Benefit of Dietary Protein on Bone 
Mineral Density

Some supplementation studies have confirmed the 
results of the above cross-sectional and cohort studies. 
In a study by Dawson-Hughes et  al25, a high protein 
supplement was associated with increased IGF-1 and 
also lower urinary N-telopeptide.25 Also, in hospitalized 
elderly patients, protein supplements (20 g/day) led to 
increased levels of IGF-1 and decreased bone loss of the 
proximal femur.8 Tkatch et al26 also found that a protein 
supplement of 20 g/day in elderly hospital patients led 
to a reduction in bone loss. These trials show the impor-
tance of adequate protein intake for bone health in hos-
pitalized elderly populations, as well as reducing length 
of hospital stay and other morbidity.

3.3.3 � Cohort Studies Showing Reduced 
Risk of Fracture with Increasing 
Dietary Protein Intakes

There have been few cohort studies examining the link 
between protein intake and fracture risk to draw firm 
conclusions, but there is some evidence that protein 
intake may be associated with decreased risk of fracture. 
For example, a prospective study of postmenopausal 
women aged 55–69 years old showed a negative asso-
ciation between protein intake and risk of hip fracture. 27 
However, no link was found between self-reported cur-
rent total protein intake and hip fractures in a study of 
the Nurses’ health cohort.28

3.4 � The Potential Detrimental Effects  
of Protein on Acid–Base Balance

Metabolic processes produce acid, (around 1 mEq/day) 
which must be excreted by the kidney to maintain a 
body pH of 7–35–7.45. Metabolic acid is produced 
from dietary sulfur, phosphorus, and chloride, while 
alkali is produced from sodium, calcium, potassium, 
and magnesium. Therefore, dietary composition may 
influence levels of systemic acidity.

Indeed, an imbalance of acid production over alkali 
increases net endogenous acid production (NEAP) and 
thus increases NRAE, the amount of acid excreted by 
the kidney. Such an imbalance between dietary induced 
acid and alkali may be harmful for bone. This is due to 
carbonate and citrate being released from bone to buf-
fer the dietary induced acid load.29 Calcium is released 
in this process and is then excreted in the urine. 
Acidosis also leads to decreased reabsorption of cal-
cium in the kidney which worsens calciuria.

With age, the body becomes increasingly acidic due 
to decreased renal function.30 There is thus concern in 
the literature that increasing dietary protein intake 
could cause more acid to be produced, which could 
compound the effect of increased acidity due to aging.

Much of the hypothesis of the potential detrimental 
effect of dietary protein-induced acid loads stems from 
research that shows increased cell-mediated bone 
resorption with increased acidity.31 Conversely, there is 
also a stimulation of osteoblastic formation and reduc-
tion osteoclast activity with increasing alkalosis.32

Indeed, a large number of studies have found that 
high dietary protein consumers have increased calciu-
ria than those consuming lower amounts of protein.33–36 
Indeed, it has been estimated that doubling protein 
intake increases calciuria by 50%.29 However, as dis-
cussed by Bonjour3 in his review of dietary protein and 
bone health, it is not necessarily the case that 
protein-induced acidosis would be detrimental to bone 
in vivo, due to the body’s ability to use other mecha-
nisms to buffer acidosis first.

Moreover, there has been much debate as to the 
source of the calciuria, in terms of whether it is due 
to increased intestinal calcium absorption1 or has 
been lost from bone itself.37 Indeed, Kerstetter et al13 
found that lower protein diets are associated with 
increased parathyroid hormone, which is contrary to 
what would be expected if protein increases bone 
resorption.
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3.4.1 � Observational Studies Showing  
a Negative Association Between 
Protein Intakes and Bone Mineral 
Density

Observational studies of populations consuming very 
high levels of protein have indicated that protein may 
lower BMC and BMD. For example, a cross-sectional 
survey of young American women found that high 
intakes of protein were associated with reduced radial 
bone density and BMC.38 Also, a recent study in 
Croatian young men and women found a negative rela-
tionship between lumbar spine BMD and protein 
intake.39 Last, an observational study by Mazess and 
Mather 40 of Alaskan Eskimos found that middle-aged 
adults had 10–15% less forearm BMC and earlier bone 
loss than Caucasians, presumably due to their high 
protein diets. However, dietary protein intake was not 
measured in this study, and it is clear that other factors 
such as other dietary, lifestyle, and genetic factors may 
also explain any associations between protein and bone 
health found.

However, some studies have found no adverse effect 
of high protein intakes. For example, an observational 
study of young Irish adults found no evidence of detri-
mental association between protein intake and BMD in 
men or women.41 Last, a randomized control trial of 
high and low protein weight loss diets found no detri-
mental effect of a high protein diet on BMC after 6 
months.42

3.4.2 � Ecological and Cohort Studies 
Showing Increased Fracture Risk 
with Increasing Dietary Protein 
Intake

In terms of fracture risk, some cross-cultural studies of 
hip fracture incidence have found a relationship 
between increasing hip fracture and increasing protein 
intake. For example, Abelow et al43 found an increased 
risk of hip fracture with increasing dietary animal pro-
tein intake. Also, Frassetto et al44 found an increased 
risk of hip fracture with increasing total and animal 
protein, but not vegetable protein intake.

However, the results of cross-cultural comparisons 
have been criticized. For example, countries with high 

hip fracture rates have longer life expectancies and 
also vary in other dietary and lifestyle factors (e.g., 
exercise, calcium intake) that may affect bone health. 
Indeed, Meyer et al45 found that high protein diets were 
only associated with increased fracture risk when cal-
cium intake was low.

3.4.3 � Intervention Studies Assessing the 
Effect of Protein Supplementation 
on Calcium Balance and Indices  
of Bone Health

Intervention studies have found conflicting results for 
the influence of protein on calciuria and bone markers. 
For example, Kerstetter et  al37 found that urinary 
N-telopeptide and calcium excretion were higher in 
young women consuming high protein diets, indicat-
ing a potential increase in bone resorption. Also, Ince 
et al46 found that reducing dietary protein from unre-
stricted intakes to the USA RDA of 0.8  g/kg body 
weight per day reduced NRAE and calciuria in young, 
premenopausal women. However, an intervention 
study by Dawson-Hughes et al25 randomized men and 
women over 50 years old to a high or low protein sup-
plement. There was no difference in calciuria between 
the groups.25 Kerstetter et al47 compared the effect of 
high and low protein intakes on urinary calcium. It was 
found that the high protein diet was associated with a 
significant decrease in urinary calcium from bone.47

It must, however, be borne in mind that the studies 
by Ince et al46 and Kerstetter et al47 were of short dura-
tion and used few subjects, so the long-term effect of 
the interventions were not established. Indeed, some 
authors have discussed the possibility of adaption to 
long-term high protein intakes,48 which could mini-
mize calciuria in the long term.

Therefore, the relationship between protein intake 
and calciuria is not clear. Some researchers have dis-
cussed how some of these contradictory results for cal-
cium balance may be explained by the fact that dietary 
protein increases calcium absorption, thus input of cal-
cium, into the body, which could explain the increased 
calciuria.3 Also, pure protein supplements may give 
different results from changes that would be seen in 
more realistic whole food diets.29

To summarize the debate so far, there does appear 
to be little observational evidence that increased 
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protein intakes may be detrimental to bone health. The 
majority of observational evidence suggests a benefi-
cial role of protein, however, it must be borne in mind 
that these studies are purely correlational. Indeed, 
other factors that are also associated with high pro
tein diets may also be explanatory (e.g., consumption 
of other dietary nutrients such as sodium, calcium, 
phytate, and phosphorus, as well as social and lifestyle 
factors such as exercise levels and socioeconomic sta-
tus). There have been no intervention studies of protein 
supplementation to the authors’ knowledge that have 
shown a clear detriment to BMD or an increase in frac-
ture risk.

An increase in fracture risk with increasing protein 
intake found in some cohort studies has been attributed 
to protein-induced calciuria. However, more interven-
tion studies specifically examining protein and fracture 
are still required to confirm or refute this hypothesis. 
The issue is clearly complicated, especially when other 
aspects of the diet must also be considered, and also 
how the influence of protein may be dose-responsive.

It has been suggested that moderate protein intakes 
may be beneficial for bone health, whereby very high 
and very low intakes may be detrimental. For example, 
a study by Whiting et al49 found that a moderate pro-
tein diet, adequate in calcium, phosphorus, and potas-
sium, was associated with a beneficial effect on BMD. 
However, more research is required in this area; as to 
the author’s knowledge, there are no supplementation 
trials looking at dosage of protein and effects on bone 
health.

3.5 � Animal and Vegetable Protein: 
Effects on Bone

The proposed detrimental effect of protein intake on 
acid–base balance has led to much debate as to whether 
animal, vegetable, and soy proteins differ in their 
effects on bone. It has been suggested that some forms 
of vegetable protein may lead to a lesser degree of 
calcium excretion than animal protein, and thus less 
bone loss, due to the presence of less sulfur containing 
amino acids.

Some studies have supported this view. For exam-
ple, Sellmeyer et  al50 found that a high animal-to-
vegetable protein ratio in diets of elderly women was 
associated with increased bone loss at the femoral neck 

and also increased risk of fracture. Also, Meyer et al45 
found that diets containing high amounts of nondairy 
meat protein were associated with increased fracture 
risk in Norwegian men and women when calcium 
intake was low. Feskanich et al28 found an increase in 
forearm fracture risk with increasing animal protein 
intakes, but no relationship with vegetable protein. 
Last, Jenkins et  al51 found no negative impact of a 
high vegetable protein diet on calcium balance, despite 
increased calcium excretion, when calcium intake was 
high.

However, some studies have found no such detri-
ment or even found a benefit of animal protein. For 
example, lower intakes of animal protein were asso-
ciated with increased femoral and spine bone loss 
over 4 years.4 Also, in a prospective study of older 
American women, animal protein was found to have 
a strong negative association with hip fracture.27 A 
recent study by Ho-Pham et  al52 found that in 
Vietnamese Buddhist nuns, there was a positive rela-
tionship between the ratio of animal to vegetable 
protein in the diet and whole body BMD, but no sig-
nificant relationship with lumbar spine or femoral 
neck BMD. Last, Dawson-Hughes and Harris53 found 
no effect of the type of protein on the rate of bone loss 
in elderly women.

Indeed, some studies have found a detrimental effect 
of vegetable proteins. For example, a cross-sectional 
study of the elderly Rancho Bernardo cohort found a 
positive association between intake of animal protein 
and bone mass density in women, with a negative asso-
ciation of vegetable protein with bone mass density for 
both men and women.54 Also, a cross-sectional study in 
elderly Chinese women found vegetarians had a lower 
bone mass density than omnivores, with energy, pro-
tein, and calcium intakes in the vegetarian group cor-
related with bone mass density.55

Thus, the evidence for differential effects of animal 
and vegetable protein is mixed, and many reasons for 
this have been proposed. It has been suggested that 
some vegetable proteins may produce an equal PRAL 
or even a higher PRAL than does animal protein,56 and 
intakes of purified plant protein have also been found 
to increase calciuria.29 Bonjour3 discusses how con-
sumption of vegetable proteins may not necessarily 
lead to reduced calciuria than animal protein con-
sumption quoting a study by Massey and Kynast-
Gales,57 which showed no difference in calciuria when 
plant or beef proteins were consumed. Indeed, in 
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calculations of PRAL by Remer and Manz,58 cereal 
and rice products showed a higher PRAL than some 
meat products. This could partially explain the contra-
dictory results in the literature.

The effect of animal and vegetable proteins on 
bone health may also be complex as they may affect 
the skeleton in different ways due to the other nutri-
ents and constituents these proteins contain. For 
example, plant food often contains potassium, which 
decreases calciuria.29 Also, dairy food (a form of ani-
mal protein) are not only high in not only protein, 
but also calcium, which as discussed previously may 
compensate for calcium losses.53 Indeed, apart from 
hard cheese, dairy products have a low PRAL.59 
Moreover, as found in the study by Roughead et al,48 
when calcium intake is controlled for, the level of 
meat protein in diets is not found to influence cal-
cium retention.

Overall, no consistency has been found in the stud-
ies of animal vs. plant protein,29 and there is a lack of 
clear evidence that vegetable protein is healthier for 
bone than animal protein.3 It may be the other constit-
uents of animal and vegetable protein that cause any 
differences that have been found, not the protein 
itself.29

3.6 � Soy Protein: Effects on Bone

It has been hypothesized that soy protein may have 
specific benefits for bone health. Some studies have 
found a beneficial effect of soy protein on bone. For 
example, Arjmandi, et al60 found that supplementation 
for 1 year with 25  g soy protein reduced makers of 
bone resorption, but not lumbar and whole body bone 
loss.

However, a beneficial effect has not always been 
found. For example, the effect of substituting soy pro-
tein for meat protein on bone health in postmenopausal 
women was examined in a 7-week intervention study 
by Roughead et al61 It was found that urinary calcium 
was not significantly lower on the soya diet, even 
though renal acid excretion was significantly lower, 
and there was no influence of protein type on markers 
of bone metabolism (e.g., N-telopeptide, hydroxypro-
line, osteocalcin).61 Kreijkamp-Kaspers et  al62 and 
Potter et al63 found no effect of soy on BMD. Dalais 

et al64 found no effect of soy on bone resorption mark-
ers. Last, a recent intervention study in older women 
by Kenny et al65 found no difference in BMD between 
groups given soy protein vs. groups given a mixture of 
whey and egg protein. However, there was a significant 
negative association between bone turnover markers 
and total dietary protein intake.65

The relationship between soy protein and bone 
health is thus controversial and is complicated by the 
fact that soy protein based food contain other dietary 
components (e.g., isoflavones) that may affect bone.The 
recent research does suggest, however, that if any, 
effects of soy protein on bone health are minimal.

3.7 � Other Dietary Constituents

3.7.1 � Calcium Intakes

Much of the research has found that the influence of 
protein on calcium balance varies by dietary calcium 
intakes. Any benefit of calcium intake may be due to 
compensation for any protein-induced calcium loss66 or 
due to its alkaline nature. Indeed, calcium salts include 
an anion that may act as a buffer to acidosis.56

In support of this view, a study by Vatanparast 
et  al67 found a beneficial effect of protein on bone 
mass in adolescents and young adult women when 
calcium was adequate, with less of a benefit when cal-
cium was insufficient. A randomized control trial by 
Dawson-Hughes and Harris53 found a beneficial effect 
of increased dietary protein on BMD in elderly indi-
viduals supplemented with vitamin D and calcium 
citrate malate. However, no effect was found of pro-
tein on bone in the placebo group,53 indicating that 
calcium needed to be increased to show an effect of 
protein. In a recent study by Zhong et al68 looking at 
the 1992–2002 NHANES data, it was found that when 
dietary protein was low at 46  g/day, high calcium 
intakes were actually associated with an increased 
risk of any fracture. Last, Rapuri et  al69 found that 
elderly women consuming the highest quartile of pro-
tein intake (over 72 g/day) had higher levels of bone 
mass density than those consuming less protein, but 
only when calcium intake was at least 408  mg/day. 
However, in the longitudinal aspect of this study there 
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was no link between protein intake and loss of bone. 
The authors discuss whether this might have been due 
to the small sample size used, or due to the short dura-
tion of the study.69

However, not all studies have supported a protein-
calcium link. In an intervention study of 35–65-year-
old women, higher protein, energy, and calcium intakes 
were correlated with slower bone loss in the placebo 
group, with no differential effect found for the calcium 
supplemented group70. Also, Wang et  al71 found that 
the calcium-to-protein ratio of the diets of postmeno-
pausal Mexican American women was not associated 
with bone mass density.

Overall, much research does support the theory that 
the link between protein and bone health may be medi-
ated by calcium intake. Indeed, it has been proposed 
that protein and calcium may not affect bone optimally 
unless intakes of both are sufficient.72 High calcium 
intakes may offset any detriment caused by high pro-
tein intakes, and low intakes may make protein-induced 
detriment worse.73 Indeed, Heaney74 suggests that the 
likely best ratio in the diet of calcium:protein for bone 
health is ³20:1 (mg:g). Thus the low calcium:protein 
ratio due to high intakes of processed food and low 
dairy intake in the western world may be a significant 
problem for bone health.

3.7.2 � Phosphorus, Sulfur, and Potassium

It must be borne in mind that high protein diets also 
contain high levels of phosphorus, which may exert 
positive or negative effects on bone.75 They may also 
be lower in potassium, which may thus have a nega-
tive effect on bone. Indeed, high protein intakes may 
only be detrimental to bone if not enough potassium 
rich, alkaline food (e.g., fruit and vegetables) are con-
sumed59 and it may be that it is not protein that should 
be reduced, but fruit and vegetables that should be 
increased.72

Overall, protein, phosphorus, and calcium may have 
interactive effects on bone, making it difficult to sepa-
rate out their individual effects. Protein and calcium, in 
particular, may act synergistically together to benefit 
bone health, but protein may be detrimental if calcium 
is insufficient.76

3.8 � Methodology

It is important to note that there are some problems 
with study methodology and interpretation. For exam-
ple, studies are usually short-term, which does not 
allow for adaption to high protein intakes48. Also, stud-
ies examining the effect of protein on urinary calcium 
excretion vary in terms of whether mixed composition 
diets are used, the levels of other nutrients also present, 
and whether protein intakes were in normal dietary 
ranges or not.75 Indeed, many of the studies that show 
that protein increases calciuria used purified proteins 
in large quantities.73

As discussed above, much epidemiological research 
is based on cross-sectional surveys and cohort studies 
within populations. These studies can only give an 
indication of the association between protein intakes 
and bone indices. Some supplementation trials have 
been undertaken for BMD. However, more large-scale 
trials are now required to further assess if there is a 
causal effect of protein on bone indices, including 
BMD and fracture risk. Indeed, few, if any, studies 
have looked at differential effects of protein dosage. 
Most work on the separate effects of animal and vege-
table proteins have looked at bone markers and cal-
cium metabolism, not BMD and certainly not fracture 
risk. Indeed, a recent meta-analysis performed by the 
current authors (presented at the ISNAO 2009 meeting 
and currently undergoing revisions for publication) 
highlights the need for more homogeneous, large-scale 
supplementation studies to fully assess whether any 
association between dietary protein is in fact causal 
and if so, how this varies by dose and calcium intake. 
There is, in particular, an urgent need for supplementa-
tion studies that assess fracture risk as an outcome, this 
being the most important clinical end point.

3.9 � Concluding Remarks

Overall, much evidence has been accumulated as to 
the effect of protein intakes on bone. Earlier experi-
mental research showed that potentially high protein 
intakes may increase acidosis and thus calciuria, which 
could be detrimental to bone. It was also theorized that 
animal protein intakes could cause more acidosis than 
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vegetable protein due to higher sulfur amino acid con-
tent and higher PRAL. However, this has been con-
tended and more recent research has shown that this is 
not necessarily the case. It has been more recently 
emphasized that protein has important anabolic effects 
on bone, and there has been a recent trend in epidemio-
logical studies toward showing a positive effect of pro-
tein on BMD, especially when calcium intakes are 
adequate. Apart from a few cross-cultural studies that 
show a positive association between protein intakes 
and hip fracture risk between countries, most epide-
miological studies do not show an increased risk of 
fractures or low bone density with increased protein 
intakes. However, most research is still only observa-
tional and only assesses BMD, calcium metabolism, 
BMC, or bone markers. More research is needed into 
more important clinical outcomes such as fracture risk. 
Indeed, the influence of protein intake on the risk of 
fracture is unclear and more large-scale intervention 
studies are now needed into whether protein supple-
mentation can increase bone mass and decrease frac-
ture risk. There is still much debate as to the influence 
of the type of protein consumed on bone (e.g., animal, 
vegetable, soy) and how protein interacts with other 
dietary nutrients. There does not appear to be clear evi-
dence that different types of protein have differential 
effects on bone health.

It is important that the link between protein intakes 
and bone health is clarified, to expand knowledge of 
the influence of macronutrients on bone health and 
how they interact with micronutrients. It would also 
inform the review of reference nutrient intakes and 
enable appropriate dietary advice to be given to the 
general population. The only valid way of finally 
establishing whether protein intake has a causal benefit 
or detriment for bone is via large scale, placebo con-
trolled supplementation trials, looking at BMD and 
fracture risk, preferably with the establishment of 
potential differential effects of dosage, other dietary 
nutrients, and protein type.
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4.1 � Introduction

Moderate weight loss will reduce the comorbidities 
associated with obesity. A 10% weight loss is also 
associated with loss of 1–2% of bone mass. Supple
mentation with specific nutrients, such as calcium,1–3 
may attenuate loss of bone mass during weight reduc-
tion. Recently, high-protein (HP) weight-loss diets 
have become more popular, and studies have shown 
that they are as effective as, or sometimes more effec-
tive than, standard high carbohydrate weight loss diets 
in reducing symptoms associated with metabolic syn-
drome.4–6 The effect of higher protein diets on bone is 
important due to the greater acceptance among health 
care providers. Dietary protein has also been shown to 
have specific effects on the regulation of bone health.7 
Some large epidemiological studies have shown a ben-
eficial impact of protein on bone health,8–11 which is 
supported by intervention studies in patients with 
osteoporosis.12,13 In contrast, others have suggested that 
a HP diet is associated with low bone mineral density 
(BMD) and greater fracture risk14–16 and have attributed 
this to a greater acid load and increased urinary cal-
cium excretion. Since lower calcium intake may medi-
ate the negative effect of HP diets on bone,17–20 
controlled trials to study the effects of protein are 
important. During weight reduction, there is both a 
reduced calcium absorption and serum insulin-like 
growth factor-1 (IGF-1), which may contribute to bone 
loss, yet may be positively influenced by additional 

protein in the diet. The role of dietary protein during 
caloric restriction on bone health and potential mecha-
nisms mediating these effects is reviewed.

4.2 � Weight Loss and High-Protein Diets

Weight loss is often achieved by eliminating or reduc-
ing a specific food type or reducing intake of carbohy-
drate, protein, and fat. Diets that are high in protein and 
low in carbohydrate are popular and often result in 
greater short-term weight loss compared to high carbo-
hydrate low fat (LF) diets. In addition, HP diets are 
associated with greater fat loss and preservation of lean 
mass that is supported by the evidence of a greater fat 
oxidation and higher protein balance.5,21 The positive 
influence of dietary protein on weight loss may be 
mediated by its higher thermic effect and sleeping met-
abolic rate compared to carbohydrate and fat. These 
metabolic changes would be expected to increase total 
energy expenditure to ultimately promote a greater 
weight loss. In addition, higher protein (or dairy) diets 
also promote satiety, possibly mediated by higher post-
prandial cholecystokinin (CCK) levels, higher circulat-
ing concentrations of certain amino acids, or diet-induced 
thermogenesis.22 Certain appetite regulatory hormones 
are also triggered by higher protein intake, including an 
increase in postprandial ghrelin, glucagon like pep-
tide-1, and insulin secretion.23 These mechanisms col-
lectively may mediate the effect of higher protein intake 
on short-term weight loss and fat loss as compared to 
normal protein (NP) diets. The greater weight loss on a 
HP compared to a NP diet may contribute to the 
improved lipid profile, greater loss of fat, and improved 
insulin sensitivity.24–26 Indeed, longer-term studies show 
that the greater weight loss on a higher protein diet is not 
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sustained and is similar to that seen with a standard high 
carbohydrate diet after 1–2 years.6

Although HP diets have been shown to promote 
enhanced loss of body weight, some physiological 
concerns about the effect of such diets on different 
organs are still debated. For example, the long-term 
effect of HP weight loss diets may be detrimental to 
the kidneys. A 6-month weight-loss study showed 
greater glomerular filtration rate (GFR) and kidney 
volume on a HP (108  g/day) compared to NP diet 
(70 g/day).27 However, the specific GFR, which is an 
expression of the filtration rate per unit kidney volume, 
and albumin levels were not altered by either treat-
ment. The authors thus suggest that the changes in 
GFR were adaptations of the kidney to changes in pro-
tein load. In a large 11-year study examining 1,624 
weight stable women with normal renal function, a HP 
intake of 93  g/day did not significantly alter GFR.28 
Most researchers agree that unlike renal patients, in 
healthy populations there is little evidence of adverse 
effects of HP diets on renal function.27,28

Overall, reports show that while HP diets do result 
in greater loss of body weight over a 6-month period, 
these diets do not result in any additional benefit to 
promote weight reduction or improve metabolic 
parameters compared to a high carbohydrate diet after 
1–2 years. Since HP diets remain popular and preva-
lent among the diet choices, other outcome variables 
including bone should be addressed.

4.3 � Weight Loss and Bone

A weight loss goal of ~10% is reasonable for most indi-
viduals and often has a positive effect on many of the 
comorbidities associated with obesity.29 However, 
caloric restriction will increase bone mobilization and 
loss, showing about 1–2% at most sites, and this is 
largely observed in older women and men.30 Caloric 
restriction may increase bone mobilization for a variety 
of reasons (Fig. 4.1), including a decrease in calcium 
intake and/or other nutrients,1,2 a decrease in calcium 
absorption,31 reduced weight bearing,32,33 and/or hor-
monal changes.30 For example, a reduction in adiposity 
has been shown to also reduce estrogen levels that may 
contribute to bone loss in postmenopausal women. In 
addition, caloric restriction is also associated  
with reduced serum IGF-1, which would negatively 
influence bone. Numerous adipocyte-derived hormones 
have been implicated in the regulation of bone during 
weight loss such as leptin, adiponectin, and resistin.30,34 
Gut peptides (i.e., ghrelin, incretins, CCK, peptide YY 
(PYY), and pancreatic polypeptide (PPY)) that regu-
late satiety are often altered in both obesity35 and weight 
reduction.36 Many of these hormones and peptides also 
regulate the osteoblast and/or osteoclast suggesting an 
interaction between the gut, brain, and bone. Other 
mechanisms such as reduced weight bearing due to a 
reduction in body weight may also play a role in mobi-
lizing bone during caloric restriction. Exercise32,33 and/or 
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Fig. 4.1  Potential mecha-
nisms regulating bone during 
caloric restriction with 
dietary protein
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use of osteoporosis medications37 have been shown to 
attenuate the bone loss associated with caloric restric-
tion. In addition, we and others have shown that cal-
cium supplementation will suppress bone turnover and 
loss during caloric restriction.1–3 Whether or not other 
micro or macronutrients influence bone during caloric 
restriction remains unclear, yet some studies are cur-
rently underway.

4.4 � High Protein Diets and Bone

Several observational and clinical studies have exam-
ined the influence of HP diets on bone. A higher pro-
tein intake (84–152  g/day) has been positively 
associated with change in femoral neck and spine BMD 
over a 4-year-period in the Framingham osteoporosis 
study.9 Similarly, the NHANES III showed a positive 
association between femoral neck BMD and total pro-
tein intake (>75 g),38 as did another study that found a 
decreased risk of hip fracture and wrist fracture11 with 
higher protein intake. Intervention studies have shown 
that dietary protein supplementation in patients after 
hip fracture has a positive impact on serum levels of 
IGF-1, femur BMD, and a shorter hospital stay12,13, 
although in one of these trials, the protein supplement 
group was also given more calcium and vitamin D.13 
On the other hand, a negative association of protein 
with BMD was found in a smaller study of young 
women.16 In addition, in the Nurses Health Study, no 
association was observed between protein intake and 
the risk of hip fracture, yet the risk of forearm fractures 
was higher in women with a higher (>95  g) protein 
intake.15 This is consistent with an epidemiological 
study showing that countries with higher protein 
intakes also have a greater fracture risk.14 However, in 
all cross-sectional studies, protein intake was measured 
using self-assessed food frequency questionnaires and/
or largely using diet recalls. It is important to note that 
no intervention studies to date have reported a negative 
influence of protein on bone, and there are potential 
mechanisms that would support either a positive or 
negative influence of protein on fracture risk.

Several mechanisms have been proposed by which 
a higher protein intake may improve bone mass includ-
ing its positive effect on IGF-1 and calcium absorp-
tion. An increase in dietary protein intake has been 

shown to increase serum levels of IGF-1,11,39 which 
promotes osteoblast proliferation and matrix forma-
tion40 and may in turn increase bone mass and reduce 
fracture risk.11,12 A higher protein intake (2.1 g/kg) has 
also been shown to increase intestinal calcium absorp-
tion that leads to a parallel increase in urinary calcium 
and decrease in bone turnover markers compared to a 
moderate intake (1.0 g/kg).41 This 10-day study41 and 
another 8-week isotopic tracer study examining pro-
tein intake42 showed trends toward better calcium 
retention during HP intakes. It is interesting that one 
study found that with higher calcium intake, there was 
no protein-related increase in calcium absorption.43 In 
addition, a higher protein intake is associated with an 
increase in muscle mass and promotes collagen syn-
thesis, both of which may have a positive influence on 
acquisition of bone mass.44

In contrast, some epidemiological studies show 
that HP diets reduce bone mass, and this has been 
attributed to a higher acid load leading to a buffering 
response by the skeleton and greater urinary calcium 
excretion. It has been estimated that for every 1 g rise 
in dietary protein, approximately 1  mg calcium is 
lost in urine.20 There has also been considerable 
debate on plant vs. animal protein sources, with some 
large epidemiological findings14 attributing the nega-
tive effect on hip fracture to a higher content of sulfur 
containing amino acids in animal and some vegetable 
proteins. However, controlled intervention studies42,43 
have shown no adverse effects of animal protein on 
calcium retention. A metaanalysis45 concluded that 
the calciuria associated with a higher net acid excre-
tion from HP diets does not reflect a loss of whole 
body calcium. In addition, a normal to high calcium 
intake along with a HP diet will offset loss of urinary 
calcium, attenuate bone turnover,18,20 and is associ-
ated with greater femoral neck and total body BMD, 
as measured in a 3-year study.9 Consistent with this, 
a study17 showed that HP diets (including meat) were 
associated with increased fracture risk only when the 
calcium intake was low (<400 mg/1,000 kcal).

Thus in light of the current available literature and 
in the absence of longer controlled intervention trials, 
most would agree that there is a beneficial effect of HP 
intake on bone in older individuals with a normal 
habitual low intake. In addition, a positive effect of 
dietary protein on bone is dependent on the presence of 
adequate calcium and vitamin D in the diet.
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4.5 � Weight Loss, Protein Intake,  
and Bone

4.5.1 � Background and Previous Studies

HP weight-loss diets may preserve bone mass during 
caloric restriction by several mechanisms (Fig.  4.1). 
Caloric restriction leads to a decrease in IGF-1 levels 
and IGF-1/1GFBP-3 ratio,46 whereas a HP intake 
raises these levels. Therefore, it is possible that a HP 
diet may attenuate the decrease in IGF-1 associated 
with caloric restriction. The rise in IGF-1 may also 
increase skeletal muscle mass and indirectly preserve 
bone mass.12,44 In  addition, a higher protein intake 
increases calcium absorption,41 which may attenuate 
the decrease in absorption associated with caloric 
restriction.31 Finally, due to reduced food intake during 
caloric restriction, protein intake may be compromised 
(<0.8 g/kg), and it is well established that low protein 
diets reduce IGF-1 production, which in turn has a 
negative effect on calcium and phosphate metabolism, 
and bone.38,47

Interestingly, several hormones that influence bone 
are also influenced by dietary protein intake. Following 
a HP meal, leptin sensitivity and levels are altered.23 In 
addition, postprandial ghrelin secretion and incretins, 
specifically GLP-1 that eventually triggers insulin 
release, increase following a HP meal. Similarly, PYY 
concentrations also increase in response to a protein 
meal.48 However, there is no evidence to show that 
such short-term influences of HP diets on these hor-
mones will mediate its effects on bone.

Studies have examined the role of higher dietary 
protein on bone mass and turnover during caloric 
restriction (Table 4.1). In these studies4,24–26,49–51 both a 
higher and NP diet produce similar weight loss except 
for one study,47 showing greater weight loss in the HP 
compared to NP group. Some,49,51 but not all,4,24–26,50,51 
of these studies demonstrate a positive impact of 
higher dietary protein on bone mass and turnover dur-
ing caloric restriction, but none of these studies con-
trol for dietary calcium intake. The importance of 
dietary calcium on bone is well established,52 as well 
as during weight loss.1–3,50 Because studies that increase 
protein intake during dieting have accomplished this 
by increasing dairy intake, calcium levels are also 
higher in these diets. Hence, the HP diets (with 

adequate or high calcium) were compared to calcium 
insufficient (~600 mg/day) high carbohydrate diets.49,51 
Not surprisingly, high dairy and protein studies49–51 
have shown a positive impact of the diet on mainte-
nance of bone mass during caloric restriction, similar 
to calcium supplementation studies without higher 
protein intake.1–3 Thus the role of protein in the main-
tenance of bone mass during caloric restriction is 
unclear, and use of a high carbohydrate control group 
that is not deficient in calcium intake has not been pre-
viously examined.

4.5.2 � Preliminary Findings

To understand whether dietary protein intake influ-
ences bone mass during caloric restriction while con-
trolling for calcium intake and other nutrients, we 
examined overweight and obese postmenopausal 
women who were assigned to caloric restriction and 
1.2  g Ca/day and a multivitamin supplementation 
with either a normal or higher protein intake and a LF 
intake for 1 year. Overweight and obese postmeno-
pausal women were counseled weekly until 4 months, 
and then twice per month in a standard behavior-
modification nutrition education weight loss program. 
In these preliminary findings, women who completed 
the protocol lost 6.6 ± 5.2% of their body weight after 
1 year and did not differ significantly (p < 0.001) 
between groups. The average loss of fat mass was 4.3 ± 
3.6 kg and of lean mass was 1.3 ± 1.1 kg, with no 
significant differences between groups. At baseline, 
there were no significant differences in nutrient intake 
between women assigned to HP or NP groups. During 
calorie-restricted diets, protein intake was higher at 
85 ± 10 g protein/day (23% of calories, n = 23) in the 
HP group compared to 60 ± 11 g protein/day (18% of 
calories; n = 20) in the NP group (p < 0.001). There 
were no significant differences in calcium or vitamin 
D intake between the HP and NP groups, respectively. 
Results showed that the radius and lumbar spine (LS) 
BMD decreased in the NP as compared to the HP 
group. There were no significant differences between 
the groups at the femoral neck, total hip, or total body. 
In addition, there was a trend for a greater increase in 
serum IGF-1 levels in the HP compared to the NP 
group in a subset analyzed in this preliminary data. 
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Confirmation of these preliminary findings has yet to 
be determined, but it is likely safe to conclude that a 
normal to higher intake of protein during dieting is 
not detrimental to bone and may be beneficial to 
avoid low protein intakes that might occur with low 
calorie diets.

4.6 � Conclusion

Caloric restriction-mediated bone loss is an important 
health concern due to a high prevalence of dieting and 
a worldwide concern of osteoporosis. Although the 
benefits of calcium supplementation on bone have 
been studied in the dieting population, the effects of 
popular dietary macronutrient modifications, such as 
a higher protein on bone, require further study. Some 

weight reduction trials have addressed higher protein 
and dairy (or calcium) diets, and not surprisingly, 
found a positive effect on bone. Our preliminary data 
suggest that even without very high intakes of cal-
cium and vitamin D, a HP diet is not detrimental to 
bone. It is possible that the mechanisms regulating 
bone with a higher protein intake include higher cal-
cium absorption and serum IGF-1 or other hormones 
and a higher acid load, whereas their role when com-
bined with caloric restriction is not known. Our 
understanding of the regulation of bone during weight 
loss has increased markedly over the past decade, and 
we are just beginning to understand how other nutri-
ents, such as protein, may influence bone during 
caloric restriction.
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PYD pyridinoline; DPD deoxypyridinoline; BMD bone mineral density; BMC bone mineral content; HP high protein; NP normal 
protein; F female; M males; HF high fat; LF low fat; LS lumbar spine; TB total body 
aNo difference in weight loss between HP and NP groups, except in Skovl et al.45 showing greater loss in HP (~10%) vs. NP (~6%) diet
bThe weight loss was followed by a weight maintenance period of 4
cThe weight loss was followed by a weight maintenance period of 1 year (this 1 year study showed no BMD difference between 
groups26)
dThe weight loss was followed by a weight maintenance period of 8 months

References Population  
n, age, BMI

Groups (pro intake) WL duration Ca intake  
(mg/day)

Bone site  
and markers

Weight  
lossa (%)

Effect of  
HP diet

Skov et al49 n = 65 M & F 
39 Years
30 kg/m2

HP 102 g/day  
NP 71 g/day

6 Months HP 936 
NP 659

TB 8.1 Decreased  
loss of BMC

Farnsworth et al24 n = 57 M & F 
50 Years
34 kg/m2

HP (27%) 
NP (16%)

12 Weeksb HP 1,600 
NP 600

PYD, DPD 8.0 No effect

Bowen et al50 n = 50 M & F 
50 Years
33 kg/m2

2 HP groups 
Dairy (DP, 108 g/day)  
or mixed  
(MP 104 g/day)

12 Weeksb DP 2,371 
MP 509

Osteocalcin  
PYD, DPD

9.9 DP minimized  
bone turnover

Brinkworth et al25 n = 58 M & F 
50.2 Years
34 kg/m2

HP (30%) 
NP (15%)

12 Weekb NA TB-BMC 8.9 No effect

Noakes et al4 n = 100 F 
49 Years
32 kg/m2

HP (31%) 
NP (18%)

12 Weekc HP 777 
NP 594

Osteocalcin, 
PYD,DPD

8.4 No effect

Thorpe et al51 n = 130 M & F 
46 Years
31 kg/m2

HP 97 g/day 
NP 61 g/day

4 Monthsd HP 1,120 
NP 765

TB, LS, hip 8.2 Decreased  
loss of BMD  
at 12 months

Table 4.1  Studies examining higher protein intake during caloric restriction on bone mass and turnover



32 S.A. Shapses and D. Sukumar

References

  1.	Jensen LB, Kollerup G, Quaade F, Sørensen OH. Bone min-
erals changes in obese women during a moderate weight loss 
with and without calcium supplementation. J Bone Miner 
Res. 2001;16(1):141-147.

  2.	Ricci TA, Chowdhury HA, Heymsfield SB, Stahl T, Pierson 
RN Jr, Shapses SA. Calcium supplementation suppresses 
bone turnover during weight reduction in postmenopausal 
women. J Bone Miner Res. 1998;13(6):1045-1050.

  3.	Riedt CS, Cifuentes M, Stahl T, Chowdhury HA, Schlussel Y, 
Shapses SA. Overweight postmenopausal women lose bone 
with moderate weight reduction and 1 g/day calcium intake. 
J Bone Miner Res. 2005;20(5):455-463.

  4.	Noakes M, Keogh JB, Foster PR, Clifton PM. Effect of an 
energy-restricted, high-protein, low-fat diet relative to a con-
ventional high-carbohydrate, low-fat diet on weight loss, 
body composition, nutritional status, and markers of cardio-
vascular health in obese women. Am J Clin Nutr. 2005; 
81(6):1298-1306.

  5.	Westerterp-Plantenga MS, Nieuwenhuizen A, Tome D, 
Soenen S, Westerterp KR. Dietary protein, weight loss, and 
weight maintenance. Annu Rev Nutr. 2009;29:21-41. doi: 
10.1146/annurev-nutr-080508-141056.

  6.	Sacks FM, Bray GA, Carey VJ, et al. Comparison of weight-
loss diets with different compositions of fat, protein, and 
carbohydrates. N Engl J Med. 2009;360(9):859-873.

  7.	Conigrave AD, Brown EM, Rizzoli R. Dietary protein and 
bone health: roles of amino acid-sensing receptors in the 
control of calcium metabolism and bone homeostasis. Annu 
Rev Nutr. 2008;28:131-155.

  8.	Thorpe DL, Knutsen SF, Beeson WL, Rajaram S, Fraser GE. 
Effects of meat consumption and vegetarian diet on risk of 
wrist fracture over 25 years in a cohort of peri- and postmeno-
pausal women. Public Health Nutr. 2008;11(6):564-572.

  9.	Hannan MT, Tucker KL, Dawson-Hughes B, Cupples LA, 
Felson DT Kiel DP. Effect of dietary protein on bone loss in 
elderly men and women: the Framingham Osteoporosis Study. 
J Bone Miner Res. 2000;15(12):2504-2512.

10.	Munger RG, Cerhan JR, Chiu BC. Prospective study of 
dietary protein intake and risk of hip fracture in postmeno-
pausal women. Am J Clin Nutr. 1999;69(1):147-152.

11.	Wengreen HJ, Munger RG, West NA, et al. Dietary protein 
intake and risk of osteoporotic hip fracture in elderly resi-
dents of Utah. Bone Miner Res. 2004;19(4):537-545.

12.	Schürch MA, Rizzoli R, Slosman D, Vadas L, Vergnaud P, 
Bonjour JP. Protein supplements increase serum insulin-like 
growth factor-I levels and attenuate proximal femur bone 
loss in patients with recent hip fracture. A randomized,double-
blind, placebo-controlled trial. Ann Intern Med. 1998;128(10): 
801-809.

13.	Delmi M, Rapin CH, Bengoa JM, Delmas PD, Vasey H, 
Bonjour JP. Dietary supplementation in elderly patients 
with fractured neck of the femur. Lancet. 1990;335(8696): 
1013-1016.

14.	Abelow BJ, Holford TR, Insogna KL. Cross-cultural asso-
ciation between dietary animal protein and hip fracture: a 
hypothesis. Calcif Tissue Int. 1992;50(1):14-18.

15.	Feskanich D, Willett WC, Stampfer MJ, Colditz GA. Protein 
consumption and bone fractures in women. Am J Epidemiol. 
1996;143:472-479.

16.	Metz JA, Anderson JJ, Gallagher PN Jr. Intakes of calcium, 
phosphorus, and protein, and physical-activity level are 
related to radial bone mass in young adult women. Am J Clin 
Nutr. 1993;58(4):537-542.

17.	Dargent-Molina P, Sabia S, Touvier M, et al. Proteins, dietary 
acid load, and calcium and risk of postmenopausal fractures 
in the E3N French women prospective study. J Bone Miner 
Res. 2008;23(12):1915-1922.

18.	Dawson-Hughes B. Interaction of dietary calcium and protein 
in bone health in humans. J Nutr. 2003;133(3):852S-854S.

19.	Dawson-Hughes B, Harris SS. Calcium intake influences the 
association of protein intake with rates of bone loss in elderly 
men and women. Am J Clin Nutr. 2002;75(4):773-779.

20.	Heaney RP. Excess dietary protein may not adversely affect 
bone. J Nutr. 1998;128(6):1054-1057.

21.	Krieger JW, Sitren HS, Daniels MJ, Langkamp-Henken B. 
Effects of variation in protein and carbohydrate intake on 
body mass and composition during energy restriction: a meta-
regression. Am J Clin Nutr. 2006;83(2):260-274.

22.	Westerterp-Plantenga MS, Rolland V, Wilson SA, Westerterp 
KR. Satiety related to 24 h diet-induced thermogenesis dur-
ing high protein/carbohydrate vs high fat diets measured in a 
respiration chamber. Eur J Clin Nutr. 1999;53(6):495-502.

23.	Weigle DS, Breen PA, Matthys CC, et al. A high-protein diet 
induces sustained reductions in appetite, ad libitum caloric 
intake, and body weight despite compensatory changes in 
diurnal plasma leptin and ghrelin concentrations. Am J Clin 
Nutr. 2005;82(1):41-48.

24.	Farnsworth E, Luscombe ND, Noakes M, Wittert G, Argyiou E, 
Clifton PM. Effect of a high protein, energy restricted diet 
on body composition, glycemic control and lipid concentra-
tions in overweight and obese hyperinsulinemic men and 
women. Am J Clin Nutr. 2003;78:31-39.

25.	Brinkworth GD, Noakes M, Parker B, Foster P, Clifton PM. 
Long-term effects of advice to consume a high-protein, low-
fat diet, rather than a conventional weight-loss diet, in obese 
adults with type 2 diabetes: one-year follow-up of a random-
ized trial. Diabetologia. 2004;47(10):1677-1686.

26.	Clifton PM, Keogh JB, Noakes M. Long-term effects of a 
high-protein weight-loss diet. Am J Clin Nutr. 2008;87(1): 
23-29.

27.	Skov AR, Toubro S, Bülow J, Krabbe K, Parving HH, Astrup A. 
Changes in renal function during weight loss induced by 
high vs low-protein low-fat diets in overweight subjects. Int 
J Obes Relat Metab Disord. 1999;23(11):1170-1177.

28.	Knight EL, Stampfer MJ, Hankinson SE, Spiegelman D, 
Curhan GC. The impact of protein intake on renal function 
decline in women with normal renal function or mild renal 
insufficiency. Ann Intern Med. 2003;138(6):460-467.

29.	Wing RR, Phelan S. Long-term weight loss maintenance. 
Am J Clin Nutr. 2005;82(1 suppl):222S-225S.

30.	Shapses SA, Riedt CS. Bone, body weight, and weight 
reduction: what are the concerns? J Nutr. 2006;136(6): 
1453-1456.

31.	Cifuentes M, Riedt CS, Brolin RE, Field MP, Sherrell RM, 
Shapses SA. Weight loss and calcium intake influence calcium 
absorption in overweight postmenopausal women. Am J Clin 
Nutr. 2004;80(1):123-130.

32.	Villareal DT, Fontana L, Weiss EP, et al. Bone mineral den-
sity response to caloric restriction-induced weight loss or 
exercise-induced weight loss: a randomized controlled trial. 
Arch Intern Med. 2006;166(22):2502-2510.



334  Protein Intake During Weight Loss: Effects on Bone 

33.	Ryan AS, Nicklas BJ, Dennis KE. Aerobic exercise maintains 
regional bone mineral density during weight loss in post-
menopausal women. J Appl Physiol. 1998;84:1305-1310.

34.	Zhao LJ, Jiang H, Papasian CJ, et al. Correlation of obesity 
and osteoporosis: effect of fat mass on the determination of 
osteoporosis. J Bone Miner Res. 2008;23(1):17-29.

35.	Crowell MD, Decker GA, Levy R, Jeffrey R, Talley NJ. Gut-
brain neuropeptides in the regulation of ingestive behaviors 
and obesity. Am J Gastroenterol. 2006;101(12):2848-2856; 
quiz 2914.

36.	Bueter M, le Roux CW. Sir David Cuthbertson Medal 
Lecture Bariatric surgery as a model to study appetite con-
trol. Proc Nutr Soc. 2009;29:1-7.

37.	Gozansky WS, Van Pelt RE, Jankowski CM, Schwartz RS, 
Kohrt WM. Protection of bone mass by estrogens and ralox-
ifene during exercise-induced weight Loss. J Clin Endocrinol 
Metab. 2005;90(1):52-59.

38.	Kerstetter JE, Looker AC, Insogna KL. Low dietary protein 
and low bone density. Calcif Tissue Int. 2000;66(4):313.

39.	Holmes MD, Pollak MN, Willett WC, Hankinson SE. 
Dietary correlates of plasma insulin-like growth factor 
I and insulin-like growth factor binding protein 3 concen-
trations. Cancer Epidemiol Biomarkers Prev. 2002;11(9): 
852-861.

40.	Price JS, Oyajobi BO, Oreffo RO, Russell R. Cells cultured 
from the growing tip of red deer antler express alkaline 
phosphatase and proliferate in response to insulin-like 
growth factor-I. J Endocrinol. 1994;143(2):R9-R16.

41.	Kerstetter JE, O’Brien KO, Caseria DM, Wall DE, Insogna KL. 
The impact of dietary protein on calcium absorption and 
kinetic measures of bone turnover in women. J Clin Endo­
crinol Metab. 2005;90(1):26-31.

42.	Roughead ZK, Hunt JR, Johnson LK, Badger TM, Lykken 
GI. Controlled substitution of soy protein for meat protein: 
effects on calcium retention, bone, and cardiovascular health 
indices in postmenopausal women. J Clin Endocrinol Metab. 
2005;90(1):181-189.

43.	Hunt JR, Johnson LK, Fariba Roughead ZK. Dietary protein 
and calcium interact to influence calcium retention: a con-
trolled feeding study. Am J Clin Nutr. 2009;89(5):1357-1365.

44.	Ginty F. Dietary protein and bone health. Proc Nutr Soc Nov. 
2003;62(4):867-876.

45.	Fenton TR, Lyon AW, Eliasziw M, Tough SC, Hanley DA. 
Meta-analysis of the effect of the acid-ash hypothesis of 
osteoporosis on calcium balance. J Bone Miner Res. 2009;24: 
1835-1840.doi:10.1359/JBMR.090515.

46.	Oster MH, Fielder PJ, Levin N, Cronin M. Adaptation of the 
growth hormone and insulin-like growth factor-I axis to 
chronic and severe calorie or protein malnutrition. J Clin 
Invest. 1995;95(5):2258-2265.

47.	Bourrin S, Ammann P, Bonjour JP, Rizzoli R. Dietary pro-
tein restriction lowers plasma insulin-like growth factor I 
(IGF-I), impairs cortical bone formation, and induces osteo-
blastic resistance to IGF-I in adult female rats. Endocrinology. 
2000;141(9):3149-3155.

48.	Batterham RL, Heffron H, Kapoor S, et al. Critical role for 
peptide YY in protein-mediated satiation and body-weight 
regulation. Cell Metab. 2006;4(3):223-233.

49.	Skov AR, Haulrik N, Toubro S, Mølgaard C, Astrup A. 
Effect of protein intake on bone mineralization during weight 
loss: a 6-month trial. Obes Res. 2002;10(6):432-438.

50.	Bowen J, Noakes M, Clifton P. High dairy-protein versus 
high mixed-protein energy restricted diets – the effect on 
bone turnover and calcium excretion in overweight adults. 
Asia Pac J Clin Nutr. 2003;12(suppl):S52.

51.	Thorpe MP, Jacobson EH, Layman DK, He X, Kris-Etherton 
PM, Evans EM. A diet high in protein, dairy, and calcium 
attenuates bone loss over twelve months of weight loss and 
maintenance relative to a conventional high-carbohydrate 
diet in adults. J Nutr. 2008;138(6):1096-1100.

52.	Dawson-Hughes B, Harris SS, Krall EA, Dallal GE. Effect 
of calcium and vitamin D supplementation on bone density 
in men and women 65 years of age or older. N Engl J Med. 
1997;337(10):670-676.



35P. Burckhardt et al. (eds.), Nutritional Influences on Bone Health,�  
DOI: 10.1007/978-1-84882-978-7_5, © Springer-Verlag London Limited 2010

5

5.1 � Profiling Asian Asians  
vs. American Asians

Asian Asians. Osteoporosis has become one of the major 
public health problems in Asia attributed to the rise in 
aging populations. WHO has estimated that by the year 
2050, 53 million people in Asia will reach the age of 65 
years. It is projected that by this time, more than 50% of 
hip fractures will occur in Asia by 2050 – the incidence of 
fractures will be approximately 6.3 million per year of 
which 3.2 million per year will occur in Asia.1 China has 
a vast population of 1.3 billion, and 7% (91 million) of 
the population have reached older than 65 years of 
age;  with a growing life expectancy, osteoporosis is 
expected to become an epidemic in China.1,2 It is esti-
mated that almost 86 million people, i.e., 6.6% of the total 
population, are currently affected by the disease. The 
number is projected to increase to 232 million by the year 
2050. Risk factors for osteoporotic fractures in China 
include population aging, low BMD, small body build, 
low calcium intake, physical inactivity and smoking.3,4

American Asians. The 2000 US Census Bureau 
indicates that Asians comprise 4.2% of the US popula-
tion, but estimates that 10% of the US population will 
be of Asian descent by the year 2050.5 Approximately 
one-fourth of these are Chinese which is the largest 
group of Asians living in the US.

Only 8% of the genetic variation separates the major 
races. It is not known which genetic markers distinguish 
among Asian populations. In a study of Americans, 

genetic marker cluster analysis of 326 markers from the 
Family and Blood Pressure Program study showed that 
individuals were classified into four major racial groups 
that essentially completely matched their self classifica-
tion of race completely.6 Further subdivision of Asians 
by genetic marker cluster analysis was not possible.

American Asian children have lower aBMD and 
BMC than other racial groups.7,8 Bone size accounted 
for most of these differences. In a six-state study of 
326 white, 234 Hispanic, and 188 Asian sixth grade 
girls, the Asian girls had lower BMC of the total body, 
lumbar, spine, total hip, and radius than white and 
Hispanic girls. Race explained 10% of the variance in 
total body and total hip BMC. After adjusting for bone 
size, sexual maturity, calcium intake, and physical 
activity, racial differences disappeared. Dairy calcium 
explained 3.4% of total body BMC, and 0.07% of total 
hip BMC.7

5.2 � Incidence of Osteoporosis

Asian Asians. When compared with Caucasian popula-
tions who have the highest rate of hip fracture, the hip 
fracture rate is intermediate in Asians and the lowest 
among the Black populations.9 The Asian osteoporosis 
study is a multicountry survey conducted in 1997 to 
compare the age-adjusted incidence of hip fracture (per 
100,000) in men and women respectively in four Asian 
countries, i.e., Hong Kong (180 and 459), Singapore 
(164 and 442), Malaysia (88 and 218) and Thailand (114 
and 289). The Asian data were also compared to those of 
the US Caucasian counterparts (187 and 536) of 1989. 
Hip fracture rates were found to be higher among urban-
ized cities such as Hong Kong and Singapore, which 
were almost comparable to the rates in the US.10 Latest 
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data from Beijing, China have shown that the age-
adjusted incidence of hip fracture in Chinese women 
escalated from 87.4 to 243 per 100,000 from 1996 to 
2006.11 Such increases in hip fracture rate could be attrib-
utable to urbanization and affluent life-style changes in 
Asia.10,12 However, the recent rate of hip fracture in Hong 
Kong has shown some signs of plateau as the rate ceased 
to increase between 2001 and 2006. The reasons for the 
secular decline in hip fracture incidence are unknown 
and might be related to the increase in body mass index 
and/or earlier diagnosis and treatment.13

American Asians. In the NORA study of 197,848 
postmenopausal American women, Asians had an odds 
ratio (O.R) for osteoporosis (defined as Tscore < −2.5) 
of 0.55 (CI 0.48, 0.62) compared to the referent white 
population assigned an O.R. of 1.14 In a 1-year follow-
up of 82% of the women, the relative risk of fracture 
for Asian women was 0.52 (CI 0.38, 07.0) compared to 
1.0 for white women.

5.3 � BMC Accretion During Puberty

DXA is a highly accurate and precise technique to 
evaluate bone-mineral accrual and skeletal calcium-
accretion longitudinally in children.15,16 Bone-mineral 
content (BMC) increments throughout pubertal growth 
can be revealed by sequential total body bone scans. 
Skeletal calcium-retention rates can also be deter-
mined as the calcium fraction of BMC has been esti-
mated to be 32.2%.17 Few studies have measured bone 
accretion longitudinally throughout puberty. A classic 
study of annual DXA scans in Canadian white boys 
and girls throughout puberty allowed the investigators 
to plot total body BMC accretion velocity.15,18 Recently, 
longitudinal total body BMC data in Chinese girls 
were reported.16 Annual DXA scans were not taken, 
i.e., no DXA scans were taken during year 3 of the 5- 
year study, so the exact curve is less certain than that 
for the Canadian girls. Within this limitation, we plot-
ted total body BMC accretion in the white Western 
girls and Asian Chinese girls (Fig. 5.1). This showed 
an earlier peak in bone accrual in the Chinese girls 
compared to white girls by more than 1 year. Peak 
velocity in BMC gains occurred approximately at the 
menarche for both cohorts. This is interesting since the 
age of menarche has been reported to be later in Asians 
compared to whites living in Hawaii.19 Peak velocities 

and similar total body BMC velocity at age 16 were 
similar in the two cohorts. Thus, despite average cal-
cium intakes of about 444 mg/day in the Chinese girls 
compared to >1,000 mg/day in white Canadian girls, 
total bone-mineral accrual from age 10–15 years in the 
two cohorts was similar. This reflects a large differ-
ence in calcium retention efficiency (41% and 29.5%, 
respectively) for Chinese compared to white girls. It 
must be remembered that both environment (Western 
vs. Eastern) and race differed and there has been a 
decade time displacement between these studies which 
could influence the results.

5.4 � Lifestyle Differences that Influence 
Bone

Asian Asians. Calcium intakes of Asian children and 
adolescents are relatively low in comparison to the 
Western counterparts20–23 which could be partly  
attributable to the nonmilk based diets, inadequate 
knowledge and lower consumption of indigenous 
foods rich in bioavailable calcium, and/or poor dietary 
habits in some individuals.24 In China, the adequate 
intakes (AIs) of calcium for children and adolescents 
are 800  mg/day for 4–10-year-old children and 
1,000 mg/day for 11–17-year-old adolescents.25 In the  
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China Nutrition and Health Survey (2002), calcium 
intakes of children and adolescents in China were 
found to be low (Table 5.1), less than 2% children had 
their calcium intakes that reached the calcium AIs.10 
Although cow’s milk is a good source of calcium, soy 
and soy products are traditional Chinese foods which 
also provide a good source of calcium. The national 
average consumption of cow’s milk and soy and soy 
products was only 27 g/day (4% total calcium intake) 
and 11.8 g (13.9% total calcium intake) respectively.20

Children and adolescents in Asia are becoming 
physically less active than decades ago. In Malaysia, 
normal weight teenagers, both boys and girls, aged 13  
spent on an average, 55 ± 4  min and 41 ± 2.8  min, 
respectively, on physical exercise and sports activi-
ties.26 A recent China Health and Nutrition Survey 
conducted in 199727 showed that among 1,423 boys 
and 1,252 girls evaluated at 11.5 year, about 84% chil-
dren actively commuted to school with an average of 
100–150 min/week. Only 72% engaged in moderate to 
vigorous physical activities at school (90–110  min/
week). Very few children (8%) participated in moder-
ate to vigorous physical activities (90–110 min/week) 
outside schools. Less than 20% children actively par-
ticipated in household chores. A cross-sectional study 
of 169 boys and 173 girls at aged 10–12-years in Hong 
Kong showed that body size and handgrip strength 
were significant determinants explaining the variation 
of BMC and BMD at the total hip, spine and whole 
body. However, physical activity and calcium intakes 
were also important predictors for BMC and BMD 
(Table 5.2).28

American Asians. American Asian children con-
sume more calcium than those living in Asia, but 
intakes are much lower than that of white children. 
Using 24-h dietary recalls in 167 boys and girls aged 
10–18 years across six states, median calcium intake 
was 868 mg/day for Asians, 896 mg/day for Hispanics, 
and 1,180 mg/day for whites.29 In a sample of 748 sixth 

grade girls across six states, Asian girls were 30.4% 
less active than white girls, but were similar to Hispanic 
girls (7). In this study, bone size explained most of the 
racial differences in BMC at the spine, total hip, and 
total body, but physical activity and dietary calcium 
were also significant predictors.

5.5 � Calcium Metabolism

Asian Asians. We were the first to evaluate true frac-
tional calcium absorption (TFCA) in Chinese children 
and adolescents. In an early study involving 7–8-years-
old healthy Chinese children in Hong Kong and 
Southern China. TFCA was 54.8 ± 7.3% when con-
suming dietary calcium at 862 mg/day and with opti-
mal plasma 25-OHD level (~33  ng/mL), whereas 
TFCA was higher (63.1 ± 10.7%) in those with an 
average calcium intake of 363  mg/day.30 A further 
study in Beijing also revealed that TFCA of 12 adoles-
cent girls aged 9–17-years was 57% with mean cal-
cium intake of 600 mg/day and plasma 25-OHD level 
at 12.2 ± 3.9  ng/mL (Table  5.2). Mean 24-h urinary 
excretion of these girls was 80 mg/day.31 The TFCA 
figures from our studies nearly doubled those of 
Caucasian children consuming a mean calcium intake 
of 925 mg/day (25–34%) using the same stable isoto-
pic technique.32 The findings of higher values of TFCA 
and lower urinary calcium excretion in Chinese chil-
dren and adolescents suggested that calcium retention 
could be higher despite their lower habitual calcium 
intakes.

American Asians. We are the first to study calcium 
metabolism in Asian American children. Pubertal 
Chinese boys (n = 16) and girls (n = 15) aged 11–14 
years were studied on controlled feeding studies run as 
a summer camp. Subject characteristics are given in 
Table  5.2. Each subject was studied on two calcium 
intakes for 3 weeks each separated by a washout period. 
Calcium intakes ranging from 600 to 1,800  mg/day 
were studied in order to determine the relation
ship  between calcium intake and calcium absorption 
and calcium retention. Chinese adolescents, especially 
girls, were more efficient at utilizing calcium than previ-
ously studied white adolescents.33–35 Black girls studied 
at one calcium intake36 are also shown. The calcium 
load during the absorption test was one-third of the daily 
calcium intake. All races were studied under the same 

Age (years)

4–6 7–10 11–13 14–17

Calcium intake  
(mg/day) in boys

261 299 338 376

Calcium intake  
(mg/day) in girls

246 283 312 343

Table  5.1  Average calcium intake (mg/day) in children and 
adolescents, China Nutrition and Health Survey (2002)20
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general protocol but at different times. The efficiency of 
calcium absorption is much higher for the Chinese girls 
at lower calcium intakes where habitual dietary intakes 
occur. The decreasing efficiency in fractional calcium 
absorption in Chinese girls, but not white girls, with 
greater calcium intakes suggests that skeletal calcium-
accretion could be matched between the races at higher 
calcium intake. Indeed, Asians are getting taller, over 
time which has been attributed to improved nutrition.37

5.6 � Summary

Asians have lower bone mass than other populations,  
and this is largely explained by smaller body and bone 
size. Despite the Asian’s lower vitamin D status than 
whites, their calcium utilization rates are higher than 
that of many other races. Asian calcium-accretion rates 
are not lower throughout growth, and this suggest that 
low calcium intakes and smaller body and bone size 
may have strong roles in their observed reduced peak 
bone mass compared to other racial groups. As cal-
cium content increases in the diets of Asians, their effi-
ciency of calcium utilization will undoubtedly decrease, 
but nevertheless peak bone mass will increase. This 
will be important to reduce the risk of fracture in Asian 
populations around the world.
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6.1 � Importance of Setting Appropriate 
Calcium Requirements

Nutrient requirements are used by many groups to 
determine food choices and meal plans for feeding 
people across the lifespan. They are used to evaluate 
sources of nutrients and for food labels to educate the 
consumer. Requirements also provide a guideline to 
determine whether supplements are needed. If calcium 
requirements are underestimated, inadequate intakes 
are more likely, which may compromise bone health 
and increase risk of chronic disease.

6.2 � Approaches for Determining 
Calcium Requirements

The evidence supporting calcium requirements is 
stronger than for most other nutrients. Yet, we lack 
consensus on the appropriate approach for determining 
calcium requirements, the correct outcome measures, 
and the values for calcium requirements for population 
subgroups.1 There are no status markers for calcium 
such as serum 25(OH)D for vitamin D or serum ferritin 
or transferrin for iron. Serum calcium is tightly regu-
lated making serum calcium insensitive to calcium 
stores. Thus the indicator for calcium nutrition status 

must be calcium intake, but assessing calcium intake in 
free living populations is fraught with error as is dietary 
assessment of other nutrients.2

A comparison of various approaches for determin-
ing calcium requirements will be reviewed. Calcium 
requirements have been determined largely based on 
calcium retention from short-term balance studies 
using well-controlled calcium intakes. In future, we 
may be able to assess calcium intakes sufficiently 
well to determine calcium intakes associated with 
optimal health or minimize disease risk for epidemio-
logical approaches or trials using long-term outcome 
measures. Bone health is the primary consideration 
for adequate calcium nutrition because 99% of the 
body’s calcium is in bone, which can be accessed for 
soft tissue needs when dietary calcium is inadequate. 
The few attempts to relate calcium intake to disease 
outcomes have not been very successful so far, pos-
sibly because of the difficulty in assessing calcium 
intakes, the wide fluctuations in calcium intakes from 
day to day within individuals, and the many addi-
tional factors which influence both calcium nutriture 
and any potential outcome measure. Even more prob-
lematic is the lack of good outcome measures for 
determining Upper Levels for calcium. Moreover, 
most studies do not use sufficiently high calcium 
intakes to evaluate potential consequences of calcium 
intake excess. It is revealing that all current calcium 
requirements for humans fall below animal chow lev-
els for primates (150–300 mg Ca/100 kcal) and the 
intake of primitive humans (800–100 mg Ca/100 kcal) 
on an energy basis.3 This gives some confidence that 
levels of calcium intake higher than current upper 
levels are safe, but gives less confidence that calcium 
requirements for contemporary man are optimal.
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6.3 � Balance Studies for Estimating 
Calcium Requirements

Balance studies have been the most useful approach to 
setting calcium requirements because they offer a prac-
tical evaluation of the effect of a range of controlled 
calcium intakes on short-term outcome measures. Still, 
there have been several different applications of bal-
ance data for setting calcium requirements.

6.3.1 � Factorial Method

The factorial method adds up losses of calcium from 
urine and skin with an estimate of growth during child-
hood and pregnancy or lactation and adjusts for absorp-
tion to determine required intake. Losses are usually 
determined as part of balance studies, but little atten-
tion has been given to the influence of calcium intake 
or calcium reserves of the subjects when estimating 
calcium requirements by this method. When the facto-
rial method used values from feeding studies con-
ducted on intakes near the requirement in adolescents, 
this approach gave values that were comparable to 
requirements based on the maximal calcium retention 
approach described below (Sect. 6.3.3).4

6.3.2 � Neutral Balance Approach

The FAO/WHO report5 plots calcium intake against 
net calcium absorption (intake minus fecal excretion) 
from 210 balance studies performed in 81 adults. The 
plot is a nonlinear relationship as shown in Fig. 6.1. 
Losses from urine and skin and increased excretion as 
a result of decreased absorption during menopause are 
added as lines of intersection, so that this approach 
is  essentially a factorial method of accounting for 
calcium losses adjusted for absorption in order to 
determine calcium requirements. For adults, calcium 
requirement is assumed to occur where intake and out-
put are equal. Nordin later acknowledged the need to 
adjust for decreasing calcium absorption efficiency 
with menopause.6 Adjustments for various subgroups 
are shown in Fig. 6.2 with an estimate of a margin of 
safety of ±1 SD. The values for subgroups are not 
derived from balance studies performed using a range 
in calcium intakes to plot the relationship between 
calcium intake and net absorbed calcium as for non-
pregnant adults. Rather, a single rate of skeletal cal-
cium augmentation is assumed from skeletal calcium 
accretion with an allowance of 2 SD during pregnancy 
and puberty. A problem with using a calcium intake 
that equals excretion as an indicator of the require-
ment or as a starting point margin of safety is that it 
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assumes bone calcium reserves are adequate. The 
inappropriateness of this approach has been argued by 
Heaney.7,8 A steady-state positive balance more likely 
suggests that prior calcium intake has not maximized 
bone mass rather than that calcium intake is higher 
than the requirement.

6.3.3 � Intakes for Maximal Retention

Calcium intake for maximal retention was the primary 
approach used to set calcium intakes for North America 
in 1997.4 This is a modification of the FAO/WHO use of 
balance studies that overcame some of the limitations of 
that approach and made use of a wider data set. For each 
age group for which data were available, calcium intake 
was plotted against net calcium retention. Thus, each 
life stage was evaluated specifically, which allowed for 
adjustment for growth or bone involution. Basing cal-
cium requirements on the intake for maximal retention 
is a better approach than the neutral balance approach 
because it makes no assumptions about the adequacy of 
the calcium reserves in the subjects. All adults should 
not necessarily be in neutral balance. This approach 
also inherently adjusts for changes in urinary calcium 
loss with increasing intake. The variation in calcium 
retention with calcium intake for each data set was 
given. In order to identify a specific value for the cal-
cium intake for maximal calcium retention for each life 

stage, the plot was converted to % maximal retention 
and the intake where the 95% confidence interval 
crossed 100% maximal retention was considered a good 
estimate of the lowest plausible value for the calcium 
requirement for maximizing bone mass. The two plots 
for adolescents are given in Fig. 6.3. Use of a plateau 
intake approach minimizes error associated with bal-
ance studies because there is no need to know exact cal-
cium retention. This is reassuring given the one-sided 
error associated with compliance of consumption and 
collection of excreta typically associated with balance 
studies and the tendency of the variance to increase at 
high calcium intake.10 The approach presumed that 
cutaneous calcium losses were uniform across the range 
in calcium intakes in the absence of data on the effect of 
calcium intake on cutaneous calcium loss.

A limitation of all balance data sets used to set public 
health recommendations to date is the relative homoge-
neity of the data. Almost all balance studies used to set 
calcium requirements have been determined on white 
subjects consuming Western diets. For several age 
groups, balance data were not collected on a significantly 
wide range of calcium intakes to determine a calcium 
intake plateau. Although others have pointed out the 
need to have considerable data points near the require-
ments,11 determining a plateau intake depends greatly on 
having sufficiently high intakes as well. These is still a 
deficiency of data at high calcium intakes in adult 
women. More recent data expanding our knowledge of 
subpopulation requirements are given below (Sect. 6.7).
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6.4 � Challenges to Use of Balance Data

One of the concerns with balance data is that they may 
not reflect long-term skeletal calcium balance. This 
concern is due in part to the seeming continued 

adaptation to low calcium intakes over 21 months in 
male prisoners.12 Also, the remodeling transient 
described by Heaney7 that occurs in the first 6 months 
after shifting to a different calcium intake may prevent 
short-term studies from reflecting long-term effects on 
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bone. In the short term, adaptation to controlled cal-
cium intakes that are considerably different from 
habitual calcium intakes appears to take approximately 
1 week. In children and young adults, calcium-to-PEG 
(a nonabsorbable fecal marker) ratios become constant 
after 6 days,13 indicating steady state. In adults, 47Ca 
retention stabilized after week 1–8 on both very high 
(2,000  mg/day) and very low (300  mg/day) calcium 
intakes, suggesting adaptation to new dietary calcium 
levels by week 2.14

To determine the ability of short-term balance stud-
ies to predict peak skeletal calcium accretion during 
puberty, we compared estimated calcium retention 
from our controlled metabolic balance studies in white 
girls aged 12–14 years15 and white boys aged 13–15 
year16 during their peak pubertal growth with skeletal 
calcium accretion calculated from longitudinal, annual 
DXA data in white Canadian boys and girls.17 In girls, 
total body BMC accrual data17 show a mean maximal 
calcium retention of 284 mg/day at a mean reported 
calcium intake of 1,113 ± 378 mg/day. At the same cal-
cium intake, the nonlinear regression model developed 
from our balance study data15 predicts a mean maximal 
calcium retention of 238 mg/day. In boys, the reported 
calcium intake in the longitudinal DXA study of 
1,140 ± 392  mg/day coincidentally was the plateau 
intake we identified using our nonlinear regression 
model for determining the intake for maximal calcium 
retention.16 Thus we could directly compare mean 
maximal calcium retention of the two approaches: 
442 mg/day calculated by nonlinear regression model 
from balance study data compared to 359 mg/day from 
total body BMC accrual data from longitudinal study 
data which we reported previously.18 The predicted 
yearly skeletal gain from the balance studies is 17.6% 
compared to the observed 14.3% gain in boys from the 
longitudinal study and 12.4% compared to the observed 
14.8% in girls.18 These comparisons suggest good abil-
ity of short-term balance studies to predict long-term 
skeletal calcium acquisition during growth.

Another concern with balance studies has been the 
ability to determine the appropriate plateau intake for 
maximal retention as the confidence interval depicted in 
Fig. 6.3b naturally reflects the size and heterogeneity of 
the studied cohort. A superficial look at Fig. 6.3a might 
suggest that increasing calcium intakes above 800 mg/
day has questionable advantage. Taking advantage of 
our paired data on subjects studied on two calcium 
intakes in a cross-over design, we selected subjects who 

were studied on controlled calcium intakes of approxi-
mately 800  mg/day and close to the current calcium 
requirement for this age group (1,300  mg/day). 
Figure 6.4 shows calcium retention for ten adolescents. 
Calcium retention increased in all but one subject on the 
higher calcium intake and the relationship was highly 
significant. At a calcium retention of 496 mg/day on an 
intake of approximately 1,300 mg/day, annual skeletal 
gains in BMC would be a potential 25.8% compared to 
12.6% with calcium retention of 243 mg/day on calcium 
intakes of approximately 800 mg/day. As an analogy, we 
present unpaired and paired data comparisons from 15 
girls studied in our metabolic studies first during puberty 
at 12–14 years of age and a second time 3 years later in 
Fig. 6.5. By looking at the unpaired data, it is not espe-
cially convincing that all girls gain height, weight, lean 
body mass, or total body BMC after 13 or 14 years of 
age. It is very obvious that they do when paired data are 
inspected. Of note, even height has measurement error 
as one girl appears to shrink over the course of 3 years of 
puberty. The magnitude of growth during 3 years is simi-
lar to the impact of increasing calcium intake from 
800 mg/day to ³1,300 mg/day during puberty.

6.5 � Controlled Trials

Randomized controlled trials (RCT) have long been 
considered the gold standard for testing drugs and 
other medical treatments. Use of evidence-based 
reviews that prioritize high quality RCTs is the current 
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favored strategy for setting public health policies.19 
RCTs do not require controlled feeding, so theoreti-
cally can be sufficiently long to determine changes in 
bone and risk of chronic disease. But setting calcium 
requirements using this approach is challenging. RCTs 
of calcium interventions through food or supplements 
can achieve higher calcium intakes to compare with 
calcium intakes of self-selected diets alone. But, the 
self-selected diet is likely to comprise at least a third of 
the total calcium intake of the calcium intervention 
group and all of the calcium intake of the placebo com-
parison group, giving considerable error to our ability 
to know actual calcium intakes of either group. Self-
reported energy intakes compared to objective mea-
sures of energy needs using doubly labeled water or 
metabolizable energy balance using bomb calorimetry 
with balance studies show underreporting errors aver-
aging 35 ± 20%, and the error in underreporting 
increases as BMI increases.20 Similarly, inaccurate 
self-reports of dietary intake lead to inaccurate assess-
ments of individual nutrient intakes, like calcium.

Errors associated with compliance of the calcium 
intervention further compromise our ability to determine 
the relationship between calcium intake and any outcome 
measure. Additionally, RCTs typically compare only 
one level of supplemented calcium intake against a wide 
ranging, poorly defined comparison group. This does not 
allow for estimates of optimal calcium intake, which 
requires a range of calcium intakes. Outcome measures 
of disease end points are the preferred end points of 
RCTs. Use of disease end points for determining calcium 
requirements is less relevant because the calcium intakes 
relevant to prevent disease are likely in the years to 
decades preceding disease onset. Alternatively, measures 
of calcium absorption, calcium retention, and skeletal 
growth and maintenance are appropriate. Yet, few of 
these measures are available across a range of calcium 
intakes for most age groups from RCTs. The major argu-
ment against the RCT approach to defining the calcium 
intake requirement is that it is not feasible. RCTs must be 
large and carried out for ³3 years to evaluate even a sin-
gle calcium intake in a given segment of the population. 
It would take a prohibitively large number of trials to 
define effects of a series of different calcium intakes on 
change in BMC, BMD, fracture, or other indicators of 
chronic disease for each age, sex, and race group for 
whom it is needed. So, what may be the gold standard in 
drug and medical research may not be ideal for setting 
nutrient intake requirements.

6.6 � Comparison of Controlled Feeding 
Studies and RCTs

Two examples will illustrate the comparison between 
information gained from controlled feeding studies 
and RCTs. In addition to having a known and stable 
intake of the nutrient of interest, controlled feeding 
studies eliminate many of the confounders in RCTs 
relating intake of a single nutrient to an outcome mea-
sure of interest, including other dietary variables, 
physical activity, season (vitamin D synthesis), etc. 
RCTs attempt to address confounders by assuming 
they are balanced across the treatment groups.

Our first example is of calcium intake and skeletal 
calcium excretion in pubertal girls. In 182 black and 
white adolescent girls from balance studies, we showed 
that calcium intake explained 12.3% of the variation in 
daily calcium retention, about the same as race which 
explained 13.7%.21 This racial difference in net cal-
cium retention during adolescence predicted the differ-
ences in femoral neck BMC and BMD observed in 
black and white adults in NHANES.22,23 Yet, from epi-
demiological studies, racial effects appear much stron-
ger than diet effects. Skeletal advantages in blacks 
compared to whites are frequently reported, whereas 
metaanalyses of RCTs of calcium supplementation 
show only modest benefits to bone.19,24 One possibility 
is that race is more accurately assessed than diet and 
certainly does not fluctuate from day to day.

The second example is of calcium intake and bone 
health in adults. Controlled feeding studies and many 
smaller RCTs showed a benefit of increasing calcium 
intake above a g/day.4 Yet, the large calcium and vita-
min D trial in 36,282 postmenopausal women of the 
Women’s Health Initiative showed no overall reduc-
tion in hip fracture.25 Thus it could be concluded that 
calcium supplementation does not protect against hip 
fracture. However, a subanalysis suggested that sub-
jects who were not already having calcium intakes 
near their requirement and were more compliant with 
the intervention benefitted from calcium supplements 
with a significant reduction in hip fracture. As the pla-
cebo group’s average intake was over 1,100 mg/day, a 
reasonable public health message would be that cal-
cium supplementation is not to be recommended to 
protect against hip fracture when calcium intake is 
already adequate. In any nutrition intervention trial, 
the baseline nutritional status of the subjects should be 
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taken into consideration; it may be that in many cases, 
the wrong people are studied in the first place – people 
who are already nutritionally adequate.

6.7 � Further Refinements in Determining 
Calcium Requirements

Several important new data sets have become avail-
able since the last critical evaluations of calcium 
requirements have occurred. Calcium balance data are 
now available for young children.26 Calcium balance 
data on a range of calcium intakes have been published 
on adolescent white boys16 and African American 
girls.21 In these studies, calcium intakes for achieving 
maximal calcium retention were not significantly dif-
ferent from white girls,4,15 even though higher calcium 
retention was achieved on the same calcium intake for 
both black girls and white boys compared to white 
girls. A large new data set of balance studies in 155 
white adults aged 20–75 year from the US Department 
of Agriculture Grand Forks Human Nutrition Research 
Center was reported.27 Although there is adequate data 
around calcium intakes to achieve zero calcium bal-
ance, the range of calcium intakes was 415–1,740 mg/
day, which apparently was inadequate to establish the 
plateau intake for either sex.

Early attempts to determine calcium requirements 
in Asians suggest that requirements may be lower than 
for other races, at least in females.28,29 In girls, calcium 
absorption efficiency is much greater in Asians than 
Whites on lower calcium intakes.28 In elderly Japanese 
men and women, calcium intakes to achieve zero cal-
cium balance were estimated to be lower than those for 
Whites.29 However, subjects were studied on only two 
calcium intakes so that the relationship between cal-
cium intake and calcium retention is unknown if it is 
nonlinear as for White populations.

Several implications now suggest that calcium 
requirements may depend on size, including geneti-
cally programmed body size and excessive weight. 
The authors of the Japanese balance study described 
above29 found that calcium requirements for men and 
women were similar if normalized on a per kg body 
weight basis at 18.1 mg/kg body weight. They also cal-
culated that a 65  kg elderly white woman with a 
requirement of 1,200 mg Ca/day4 would be similar on 
a weight-adjusted basis at 18.5 mg/kg body weight.

In growing girls, adult height seemed to influence 
calcium requirements. In a RCT of calcium supplemen-
tation from prepuberty to young adulthood with an 
estimated calcium intake difference at the end of 
824 ± 351 mg/day for the placebo vs. 1,296 ± 567 mg/day 
for the intervention group,30 girls destined to be taller at 
adulthood had higher proximal radius BMD than shorter 
girls of 18 years of age if they were in the intervention 
group, whereas shorter girls of 18 years of age in the 
placebo group appeared to catch up to the intervention 
group. Thus some girls needed more calcium than 
800 mg/day on average and some did not. We recently 
reported that calcium retention increases with increasing 
BMI, especially at higher calcium intakes.31

6.8 � Summary

Calcium requirements for North America and the FAO/
WHO are based on short-term balance studies. 
Controlled feeding studies are efficacy studies which 
are best at showing the specific effect of calcium intake 
on an outcome variable related to health in a relatively 
short study period. And, because controlled feeding 
studies can be performed on a range of calcium intakes, 
plateau intakes can be determined. Comparison with 
longitudinal data shows that measures such as calcium 
retention and components of balance including cal-
cium absorption and excretion can reflect long-term 
bone calcium accretion and retention. The advantage 
of using intakes to achieve maximal retention for set-
ting calcium requirements is that no assumptions are 
made about adequacy of reserves in contrast to the 
approach of using intakes required to replace losses. 
Some additional balance study data sets are available 
in previously understudied populations for consider-
ation by future committees.

The next revisions of calcium requirements for North 
America and Europe are considering evidence-based 
reviews of RCTs. RCTs of calcium supplementation 
and educational interventions are studying questions of 
effectiveness, rather than efficacy. Effectiveness research 
is valuable to assess how well various interventions 
work in translating the results of efficacy studies to the 
individual or community. But there are many obstacles 
to using effectiveness research to set calcium require-
ments such as fluctuating and unknown calcium intakes, 
other confounding factors, and the long latency between 
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calcium intakes and disease outcomes. Also, RCTs are 
necessarily large and long for bone outcome measures, 
which limit their feasibility. Questions of effectiveness 
of interventions from RCTs may be more relevant to 
public health recommendations regarding calcium sup-
plementation, rather than to determining calcium intake 
requirements. Determining calcium intake requirements 
is best done by efficacy studies including well-controlled 
feeding studies with a wide range of calcium intakes.
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7.1 � Introduction

The ability of bone to resist fracture (or “whole bone 
strength”) is dependent on the amount of bone (size 
and mass), its structure (spatial distribution – shape 
and microarchitecture) and the intrinsic properties of 
the materials that comprise the bone (porosity, matrix 
mineralization, collagen traits, microdamage).1,2 With 
advancing age, bone strength decreases due to an 
imbalance in bone remodeling – the balance between 
the volume of bone resorbed and the volume formed in 
the basic multicellular unit is negative.1,3 This leads to 
a reduction in BMD and cortical thickness, with 
accompanying increases in periosteal and endosteal 
areas. Thus, any factor that influences bone remodel-
ing (disease, drugs, lifestyle) will impact upon whole 
bone strength.1 Regular exercise and adequate nutri-
tion, particularly calcium and vitamin D, are two 
widely recommended and prescribed lifestyle strate-
gies that have been shown to independently have posi-
tive effects on bone in older adults. However, the 
mechanism by which exercise and calcium–vitamin D 
influence bone is different; exercise has a site-specific 
modifying effect, whereas nutrition has a permissive, 
generalized effect. Despite this, there are reports that 
the beneficial effects of exercise on bone may be 
dependent on adequate calcium (or nutrient) intake. In 
this chapter, we briefly review studies examining the 
independent and combined effects of calcium (or cal-
cium and vitamin D) and exercise on bone strength and 

its determinants in older adults. Specifically, we focus 
on studies which have used noninvasive 3D imaging 
techniques that can provide an assessment (or esti-
mate) of bone material (e.g., apparent volumetric BMD 
or “tissue” density) and structural properties (e.g., 
total, cortical, and medullary area) that contribute to 
whole bone strength.

7.2 � Effects of Calcium and/or Vitamin D 
on Bone Strength in Older Adults

Clinical trials in older women, and to a lesser extent, 
men have shown that calcium supplementation, with or 
without vitamin D, can reduce secondary hyperpara-
thyroidism, slow down bone turnover, increase areal 
BMD (1–3%), or slow down bone loss.4–9 The benefi-
cial effects of supplementation on BMD result from a 
reduction in the bone remodeling space. That is, there 
is a decrease in the number of remodeling sites acti-
vated along the bone surface, which leads to a reduc-
tion in bone resorption. In addition, there is continued 
bone formation in the many resorption cavities formed 
during the remodeling cycle prior to the initiation of 
supplementation. The net effect is a gain in bone mass 
and continued mineralization (rapid primary and then 
slower secondary mineralization) of the newly formed 
and older bone.10 Partial filling of the existing remodel-
ing sites also reduces intracortical porosity and stress 
concentrations, which can further help restore (or 
improve) whole bone strength.3 To date, however, there 
have been few long-term randomized controlled trials 
(RCTs) which have examined the effects of calcium 
and/or vitamin D supplementation on bone material 
and structural properties in older adults.
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In a 4-year calcium or vitamin D supplementation 
RCT in adults aged over 60 years, Peacock et  al8 
reported that calcium supplementation (750  mg/day) 
prevented bone loss at the hip and reduced medullary 
expansion at the midfemur, but had no effect on total 
femur width. However, these changes in bone structure 
were determined from radiographs, which cannot depict 
the true cross-sectional shape or geometry of bone. 
Preliminary data from the Women’s Health Initiative 
(WHI), which assessed the effects of calcium (1,000 mg/
day) and vitamin D (400  IU/day) on femoral bone 
strength (assessed by hip structure analysis (HSA)), 
revealed that supplementation improved femoral neck 
(FN) BMD, cortical thickness, and section modulus, but 
not neck diameter (which was reduced).11 Several ear-
lier studies have also reported that additional calcium 
can slow the age-related loss in cortical thickness in 
older adults.12,13 In a more recent 2-year intervention in 
older men, Daly et  al4 reported that supplementation 
with calcium–vitamin D fortified milk (1,000 mg/day 
and 800 IU/day) maintained QCT-measured midfemur 
cortical area by slowing endocortical bone loss in men 
aged greater, but not less than, 62 years of age; there 
was no effect on bone size. Together, these findings 
indicate that calcium or calcium plus vitamin D supple-
mentation may be effective for preserving cortical thick-
ness by reducing endocortical bone loss.

Whether calcium and/or vitamin D can enhance the 
intrinsic material properties of bone, including the 
matrix mineralization and porosity, remains uncertain 
due, in part, to the lack of clinically available, noninva-
sive techniques to measure these properties. In the 
study by Daly et  al4 using QCT to assess midfemur 
cortical volumetric BMD (vBMD), which reflects both 
the degree of mineralization and the porosity of bone 
tissue, they found that calcium–vitamin D

3
 supplemen-

tation significantly reduced the rate of bone loss in 
men aged over 62 years. Because QCT-derived cortical 
vBMD represents the “apparent” mineral density (e.g., 
including the pores) of cortical bone, it is not clear 
whether there was a reduction in intracortical porosity, 
increased bone mineralization, or a combination of 
these factors. However, the authors speculated that it 
was likely due to reduced cortical porosity since around 
70% of the age-related decline in cortical vBMD is 
attributed to increased porosity. There is some evi-
dence however, that calcium–vitamin D supplementa-
tion can improve bone mineralization. Transiliac bone 
biopsies taken before and after 2 years of raloxifene 

plus calcium–vitamin D
3
 or calcium–vitamin D

3
 sup-

plemented placebo treatment showed a significant and 
similar 5–7% increase in the mean degree of mineral-
ization of bone tissue in both the groups (assessed by 
quantitative microradiography).14 Fratzl et  al15 also 
reported that individuals who had low matrix mineral-
ization at baseline experienced greater increases fol-
lowing calcium–vitamin D supplementation. These 
findings highlight the importance of maintaining ade-
quate calcium and vitamin D for proper bone mineral-
ization. An increase in mineralization can improve the 
structural rigidity or stiffness of bone which may be 
advantageous for preventing fractures.

In summary, calcium and/or vitamin D supplemen-
tation has an acute antiresorptive effect on bone that 
acts systemically to downregulate bone remodeling to 
maintain BMD (or slow bone loss), preserve cortical 
thickness (by reducing endocortical resorption), and 
perhaps slow the increase in intracortical porosity and/
or improve bone mineralization. There is no evidence 
that additional calcium–vitamin D supplementation 
can enhance periosteal apposition (bone size). However, 
the aforementioned skeletal benefits may be important 
for preserving the compressive strength of bone by 
maintaining a larger cross-sectional area on which 
axial loads can be distributed.16 Whether these skeletal 
benefits translate directly into a significant reduction in 
fracture risk remains uncertain. However, the findings 
from a recent meta-analysis reported that supplementa-
tion with calcium or calcium and vitamin D was asso-
ciated with a significant 12% risk reduction in fractures 
of all types.17

7.3 � Effects of Exercise on Bone Strength 
in Older Adults

The majority of studies examining the effects of exer-
cise on bone in older adults have measured changes in 
areal BMD by DXA. In general, the findings from 
RCTs ranging from 6 months to 3 years have shown 
that moderate to high-intensity exercise (including 
resistance training and/or weight-bearing exercise), 
results in site-specific gains in aBMD ranging from 1 
to 3% in normally active older adults (for a recent 
review refer to Guadalupe-Grau et al18). However, since 
the introduction of peripheral QCT, there has been con-
siderable interest in understanding whether exercise 
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can enhance bone size, structure, and strength, as well 
as cortical and trabecular vBMD. Collectively, the 
findings from cross-sectional studies in older adults 
have generally shown that a higher level of physical 
activity (PA) (or athletic participation) is associated 
with greater cortical area (or thickness) and bone 
strength at loaded sites, largely due to an increase in 
bone size (periosteal apposition).19–24 In contrast, these 
studies report either no effect of exercise on cortical or 
trabecular vBMD,19,21 a small increase in trabecular 
vBMD24 or a decrease in cortical vBMD at loaded sites 
in the active compared to inactive groups.20 The 
decrease in cortical vBMD may be related to exercise-
induced microdamage leading to targeted remodeling 
(increased intracortical porosity).20 Nevertheless, the 
general consensus from these studies is that in older 
adults, the improvements in the mechanical compe-
tence of bone in response to exercise is related to bone 
structural adaptations and not to changes in vBMD. 
However, no definitive conclusions can be drawn from 
these studies because a causal relationship cannot be 
inferred from a cross-sectional design.

To date, there have been few long-term RCTs exam-
ining the effects of exercise training on bone geometry 
and strength in older adults, and nearly all trials have 
involved only women. In an early non-RCT using 
pQCT to assess bone geometric changes at the radius in 
response to a 6-month upper limb loading program in 
postmenopausal women, Adami et al25 reported a sig-
nificant training effect on cortical bone area (2.8%) and 
cortical BMC (3.2%), but a decrease in trabecular BMC 
(−3.4%). The authors speculated that increased loading 
resulted in reshaping of the bone cross-section 
(periosteal expansion) and a redistribution of bone min-
eral from the trabecular to the cortical component (e.g., 
corticalisation of the trabecular tissue). Similar findings 
were reported at the distal tibia in postmenopausal 
women who completed a 12-month exercise program 
involving 20 min of multidirectional jumping, 3 days 
per week.26 In this study, exercise improved pQCT-
derived estimated bone strength at the distal tibia by 
increasing the ratio of cortical to total area. There was 
no effect of exercise on total area, which suggests that 
exercise reduced endocortical bone loss. Contrary to 
these findings, other RCTs in older women conducted 
over 6–12 months have failed to observe any significant 
effect of resistance or impact training on pQCT-assessed 
bone structural properties at the tibia or radius,27–29  
but some beneficial effects on cortical vBMD at the 

midshafts were observed.29 A recent systematic review 
of pQCT studies examining the effects of exercise and 
PA of bone geometry in postmenopausal women con-
cluded that exercise appears to have a modest, site- 
specific effect on bone mass and geometry at loaded 
sites, primarily affecting cortical rather than trabecular 
bone.30 However, a limitation of this review is that it 
included cross-sectional and prospective studies and 
only a limited number of RCTs (n = 4).

In summary, we must await the outcome of further 
well-designed, long-term and adequately powered 
RCTs before any conclusion can be made about the 
effects of exercise on bone structural and material prop-
erties in older adults. However, we believe, based on 
the current data from the limited RCTs available, that 
training for up to 12 months results in modest gains in 
bone structure and strength. Any increase (or mainte-
nance) in bone strength appears to be largely the result 
of an increase in tissue density and/or a reduction in 
endocortical bone loss, rather than an increase in bone 
size (periosteal apposition). However, to accurately 
determine whether exercise can enhance periosteal 
apposition during aging, further long-term (³2 years) 
intervention trials are needed, because the changes 
which occur on the periosteal surface throughout adult 
life are reportedly very small (2–5 mm/year).3

7.4 � Interaction Between  
Exercise, Calcium–Vitamin D 
Suplementation, and Bone Strength

There has been considerable interest in understanding 
whether combining exercise and calcium can produce 
additive or synergistic effects on bone. There is a sound 
physiological rationale for the existence of an interac-
tion; exercise is needed to stimulate bone modeling 
and remodeling and calcium is an important substrate 
for bone mineralization.31 In this section, we briefly 
review the evidence on whether the combination of 
exercise and calcium (or calcium–vitamin D supple-
mentation) can enhance aBMD, bone structure, and 
strength in older adults. However, to fully appreciate 
the potential benefits of combining exercise and cal-
cium (or optimal nutrition) on bone health, it is impor-
tant to first understand interaction and the terms 
“additive” and “synergistic.”
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7.4.1 � Understanding “Interaction”: 
Additive or Synergistic?

The term interaction describes the combined effects of 
two or more variables as being more than the sum of 
their individual effects. That is, an “interaction” effect 
implies a result which is more than simply “additive”; it 
is multiplicative.31 This is illustrated in Fig. 7.1, which 
provides a hypothetical example of both an “additive” 
and an “interactive” effect of exercise and calcium. In 
the left panel, the effects of both exercise and calcium 
supplementation on bone are shown to be additive, 
since exercise and calcium seem to work independently 
of each other. Here, FN BMC increases linearly with 
greater calcium supplementation with and without exer-
cise; however, with exercise, the absolute increase is of 
a greater magnitude. That is, when exercise is included, 
its beneficial effect is added to that of calcium, but the 
difference between the groups remains the same at each 
level of calcium supplementation. In the case of an 
interaction (right panel), there is an exponential change 
in FN BMC when both exercise and calcium supple-
mentation are present. Here, the osteogenic effect of 
exercise and calcium combined is greater than the sum 
of either factor alone because the effects are no longer 
parallel. Without exercise, the effect of increasing cal-
cium on FN BMC is nil. Thus, in this example of “syn-
ergistic” interaction, exercise must be present in order 
for BMC to improve with calcium supplementation.

7.4.2 � Effects of Exercise  
and Calcium–Vitamin D 
Supplementation on aBMD

Much of the interest in understanding whether there is 
an exercise-calcium interaction has stemmed from the 
findings of an early meta-analysis by Specker32 involv-
ing 16 randomized and nonrandomized trials in peri- 
and postmenopausal women. The findings from this 
study showed that the beneficial effects of exercise on 
spine aBMD were apparent only at calcium intakes 
>1,000 mg/day; intakes below this level were insuffi-
cient to permit an osteogenic response. A subsequent 
meta-analysis involving six randomized and nonran-
domized trials in postmenopausal women reported a 
significantly greater effect size of exercise on hip 
aBMD in women consuming more than, compared to 
less than, 1,000 mg/day of calcium.33 These findings 
suggest that there may be a threshold of dietary cal-
cium (~1,000  mg/day) necessary to attain the full 
osteogenic effects of exercise at loaded site.

In more recent years, there have been a number of 
large observational and prospective studies21,22,34–36 and 
several RCTs37,38 examining the effects of combined 
calcium and/or vitamin D supplementation with exer-
cise on aBMD in older adults, with contrasting results. 
In a large population-based cross-sectional study 
of  1,497 Australian postmenopausal women, Devine 
et  al34 reported a significant synergistic interaction 
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FN BMC, because the level of exercise does not influence the 
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“synergistic” or “multiplicative” effect between exercise and 
calcium supplementation because BMC increases exponentially 
with exercise and calcium combined compared to calcium sup-
plementation alone. Adapted from Specker and Vukovich31
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between “high” PA levels (>169 kcal/day or around 4 h 
walking per week) and high calcium intakes (>792 mg/
day) for FN aBMD (4.4%, p < 0.05). They also reported 
a trend for an interaction at the total hip, but this effect 
was additive and not synergistic. That is, high PA alone 
and high calcium alone were associated with increased 
total hip aBMD (+3.1% and +1.8% respectively, both 
p < 0.05), suggesting that calcium and exercise act 
independently. In a similar but smaller cross-sectional 
study of 422 women in three age categories (25–30, 
40–45, and 60–65 years), divided into four groups by 
PA (high or low) and calcium intakes (>1,200 or 
<800 mg/day), Uusi-Rasi et al22 reported that both high 
PA (defined as vigorous activity more than twice a 
week, at least 20 min/session causing enhanced breath-
ing) and high calcium intakes were associated with 
improvements in a number of bone characteristics, but 
no interaction was detected for total body BMC, FN, 
and distal radius aBMD and selected dimensions and 
estimated strength variables (bone width, cortical 
thickness, section modulus). In a 10-year follow-up to 
this study involving 133 of the women in the 25–30 
years age-group and 134 women in the 60–65 years 
age-group divided into four subgroups based on their 
concurrent levels of calcium and PA, no interactive 
effects were observed at any skeletal site; main effects 
of PA were reported for FN and trochanter BMC and 
strength estimates.36

In order to test the hypothesis that increased calcium 
can enhance bone’s adaptive response to exercise, a 
2 × 2 factorial design RCT with two factors is needed: 
(1) exercise (yes and no); and (2) calcium (yes and no). 
In one of the few published 2 × 2 trials, 41 sedentary 
and exercising women were recruited and randomly 
assigned to receive either a high-calcium milk drink 
(831 mg/day) or a low-calcium placebo drink (41 mg/
day) for 12 months.39 All participants were instructed to 
consume 800 mg/day of dietary calcium by consuming 
four daily serves of dairy foods. The exercising women 
were asked to participate in 4-weekly supervised walks 
(50 min sessions, wearing 3.1 kg weighted belts). For 
QCT-derived BMD at the lumbar spine and FN, main 
effects of exercise and high calcium were reported, but 
there was no exercise-by-calcium interaction. However, 
in this study, the small sample size most likely limited 
the ability to detect any interaction and exercise was not 
randomized. In one of only two RCTs in older adults 
specifically designed to test for an exercise- 
by-calcium interaction, Lau et  al38 randomized 50  

postmenopausal Chinese women (age 62–92 years) 
with low baseline dietary calcium intakes (mean 
~260 mg/day) into one of the following four groups: 
(1) load bearing exercise (bench stepping 4 times per 
week) plus a daily placebo tablet; (2) load bearing exer-
cise plus calcium supplementation (800 mg/day); (3) 
calcium supplementation alone; and (4) placebo (no 
intervention). Despite the small sample size, a signifi-
cant exercise-calcium interaction was detected for FN 
BMD after 10 months (+5.0%, p < 0.05) (Fig. 7 .2).38 It 
is likely that the significant interaction observed in this 
study was related to the very low habitual calcium 
intakes of these women.

The only other factorial design RCT to address 
whether calcium (and vitamin D) can enhance the effects 
of exercise on bone was conducted in older Australian 
men. Kukuljan et  al37 reported that a 12-month high-
intensity progressive resistance training and moderate 
impact weight-bearing exercise program performed 3 
days per week combined with calcium–vitamin D

3
 forti-

fied milk (1,000 mg/day calcium and 800 IU/day vitamin 
D

3
) did not lead to a synergistic response at the hip or 

spine in men (n = 180) aged 50–79 years. However, there 
was a main effect of exercise on FN aBMD (+1.8%, 
p < 0.001), but no effect of the fortified milk at any site. 
The lack of an interactive effect in this study was attrib-
uted to the relatively high baseline dietary calcium intakes 
(mean 1,002 mg/day) and serum 25-hydroxyvitamin D 
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levels (mean 86 nmol/L) of the men. Therefore, based on 
the limited evidence from RCTs in older adults, it is likely 
that if an exercise-by-calcium interaction does exist, it 
may be limited to situations when a nutritional calcium 
insufficiency is corrected.

7.4.3 � Effects of Exercise and Calcium–
Vitamin D Supplementation  
on Bone Structure and Strength

Few studies have examined whether additional cal-
cium can enhance the potential effects of exercise on 
bone structural properties in older adults. In a follow-
up to their previous cross-sectional population-based 
study in Australian postmenopausal women, Nurzenski 
et  al35 reported no multiplicative effect between cal-
cium and PA for HSA-derived bone geometry or 
strength estimates. There was however, an additive 
effect of the two factors. That is, women with com-
bined high levels of PA (>65.5 kcal/day) and calcium 
(>1,039 mg/day) had greater bone cross-sectional area 
and section modulus than women with low PA and cal-
cium. In a similar cross-sectional study in 218 pre- and 
126 postmenopausal women using pQCT to assess 
bone geometry and vBMD at the radius and tibia, 
Uusi-Rasi et al21 found that high PA (vigorous activity 
at least twice a week, ³20 min per session) was associ-
ated with improvements in bone geometry and strength 
at the weight-bearing tibia, whereas high calcium 
(>1,200  mg/day) enhanced the mechanical compe-
tence of the nonweight-bearing radius; there was no 
physical activity–calcium interaction.  Unfortunately, 
both these studies are limited by their cross-sectional 
design, but the findings indicate that calcium does not 
enhance the effects of exercise on geometric indices of 
bone strength in older adults. Preliminary data from 
the factorial design RCT in older men by Kukuljan 
et al40 also indicates that combined calcium plus vita-
min D

3
 and exercise does not enhance bone structure, 

vBMD, or strength in older men. In this study of com-
munity dwelling men aged over 50 years, there was no 
exercise-by-calcium–vitamin D

3
 interaction on DXA-

derived FN HSA parameters or bone geometry, corti-
cal or trabecular vBMD or strength estimates assessed 
by QCT at the midfemur, mid- or distal tibia, or lumbar 
spine. This was not unexpected since the men in this 

study had high habitual calcium intakes and sufficient 
circulating 25-hydroxyvitamin D levels.

Since calcium is a threshold nutrient, there is no 
reason to suggest that intakes exceeding the recom-
mended requirements should enhance the structure or 
strength of bone in response to a given amount of load-
ing. As previously indicated, a more likely explanation 
is that any potential skeletal adaptations to loading are 
likely to be compromised by inadequate intakes. In 
support of this notion, Lanyon et al41 reported that cal-
cium insufficiency attenuated the skeletal response to 
loading in the ulna of adult turkeys. Inman et al42 also 
demonstrated that in the face of calcium deficiency, 
mechanical loading attenuated, but did not prevent, a 
decrease in bone strength (e.g., cross-sectional moment 
of inertia and bone stiffness) in mature female rats, 
compared with immobilized rats and ambulatory con-
trol rats.

7.4.4 � Possible Interaction Mechanisms

If calcium does enhance the effect of exercise on bone 
in older adults, the mechanism to explain the interac-
tion is not known. Studies in humans and animals have 
shown that exercise is associated with increased cal-
cium absorption from the gut43–45 which may help to 
meet any increased physiological requirement for cal-
cium generated by increased exercise. However, this 
does not explain as to how additional calcium may 
enhance the effect of exercise on bone. There is some 
suggestion that calcium (nutrients) may modify the 
threshold of exercise needed to stimulate an osteogenic 
response.46 This is consistent with Frost’s observation 
that the “mechanostat” strain thresholds for bone for-
mation or resorption may be moderated by nutritional 
parameters.47 Despite initial reports that a calcium 
intake of around 1,000 mg/day may be needed for a 
positive skeletal response to exercise to occur,32 further 
studies are still needed to determine and define if in 
fact a threshold exists. It is however unlikely that 
greater than adequate calcium intakes will enhance the 
adaptive responses to loading,48 particularly, since cal-
cium acts to downregulate bone remodeling and does 
not drive changes in bone geometry. As indicated by 
Frost, trying to significantly increase whole bone 
strength in healthy subjects by giving more calcium or 
vitamin D is like trying to make a car go faster by 



577  Independent and Combined Effects of Exercise

adding petrol to its tank.49 It is more likely that if an 
interaction is detected, it is the result of additional cal-
cium correcting a state of insufficiency, and thereby 
providing the necessary material (minerals) required to 
build a new bone.

7.5 � Conclusion

In conclusion, the current evidence indicates that regu-
lar exercise (weight-bearing and/or resistance training) 
and adequate calcium (or calcium and vitamin D) are 
independently important for maintaining the mass, 
structure, and strength of bone in older adults. However, 
since bone is predominantly regulated by mechanical 
loading, exercise is a more important factor for optimiz-
ing whole bone strength. Nutritional factors, including 
calcium and vitamin D, have a permissive generalized 
effect on bone that act systemically to influence bone 
remodeling. There is no evidence that excess intakes 
will result in greater skeletal gains. In addition, in the 
absence of exercise, nutritional factors cannot ade-
quately maintain bone mass, structure, or strength. 
Whether additional skeletal benefits from exercise can 
be achieved by increasing calcium (or nutrient) intakes 
remain uncertain, because there have been few well-
designed 2 × 2 factorial design RCTs. From the limited 
data available, it would appear that additional calcium 
or calcium and vitamin D does not enhance the effects 
of exercise on bone structural or material properties in 
older adults with adequate calcium intakes or sufficient 
circulating vitamin D levels. However, there is some 
evidence that additional calcium can promote exercise-
induced osteogenesis in older adults in a state of nutri-
tional calcium insufficiency.38 Furthermore, it has been 
suggested that there may be a threshold of calcium 
(around 1,000 mg/day) needed to optimize the skeletal 
response to loading,32,33 but the evidence to support this 
threshold level is not strong. Further 2 × 2 factorial stud-
ies are needed to determine if indeed there is a threshold 
level of calcium necessary to maximize the mass, struc-
ture, and strength of bone. It is possible that in states of 
insufficiency, whole bone strength may not necessarily 
be compromised, if there is a change in bone structure 
(e.g., periosteal apposition) that increases bone strength 
without a corresponding net increase in bone mass. To 
address this question, future studies are needed that uti-
lize state-of-the-art 3D bone imaging technology to 

increase our understanding of the structural basis by 
which exercise and nutrition influence whole bone 
strength.
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8.1 � Introduction

During growth, bone strength, defined as the ability to 
resist fracture, develops through the adaptation of skel-
etal mass and geometry in response to mechanical 
loads. Bones have a tremendous potential to respond to 
mechanical loading by changing shape, and this adap-
tive ability is much greater during growth than after 
growth ceases. Throughout childhood and adolescence, 
the skeleton is adapting to changes in mechanical loads 
to become strong enough to support body weight and 
current physical activity. Furthermore, at the comple-
tion of growth, the bones must be of sufficient strength 
to meet the lifetime load-bearing demands of adult-
hood. Bone mass, size, and strength are regulated by 
daily mechanical loads, but the relative response to 
loads is dependent upon other factors: genetics, life-
style choices, and health, hormonal and nutritional sta-
tus. This chapter focuses on the role of mechanical 
loading (physical activity) and calcium nutrition in 
childhood skeletal development.

8.2 � Bone Physiology During Growth

Data from a cohort of Canadian children followed 
since 1991 have contributed greatly to our understand-
ing of bone development during childhood and adoles-
cence. Those data indicate that peak height velocity 

(PHV) in girls occurs at a mean age of 11.9 ±0.89 years 
at a maturation point equivalent to 92% of adult height.1 
Peak bone area (BA) velocity is seen at a mean age of 
12.19 ± 0.89 years, while peak bone mineral content 
(BMC) velocity occurs at a mean age of 12.67 ± 0.99 
years, coincident with menarche.1 In boys, PHV occurs 
at 13.57 ± 0.92 years while peak BA is seen at 
13.69 ± 0.96 years. Peak BMC velocity occurs at 
14.14 ± 1.05 years.

Appendicular growth is more rapid than axial 
growth before puberty, while axial growth predomi-
nates during early puberty.2 Growth of both the regions 
decelerates in late puberty. Size-corrected bone min-
eral density (BMD) increases significantly until about 
4 years after PHV.1

Parfitt et al3 described structural and cellular changes 
during bone growth based on iliac crest bone biopsies 
from 58 healthy white subjects aged 1.5–23 years. 
Between 2 and 20 years, in the ilium, as noted in iliac 
crest biopsies, the bone enlarges by periosteal apposi-
tion and endocortical resorption on the outer cortex, 
and net periosteal resorption and net endocortical for-
mation on the medial cortex. The researchers estimated 
that endocortical apposition continues until the age of 
30 years. In girls, a considerable degree of increase in 
cortical width in the metacarpal occurs in early puberty 
due to the production of estrogen, but after menarche, 
this stabilizes. Endocortical apposition at the metacar-
pal is not seen in boys.2,4 Also during growth, lateral 
modeling drift of the inner cortex results in a larger 
marrow cavity, and the new trabeculae in this space 
arise from the cancelization of unresorbed cortical 
bone.3 Based on the biopsy analyses, Parfitt et al con-
cluded that iliac bone growth (core width) is completed 
by late adolescence, but the cortical thickness further 
increases during the period of consolidation, up until 
the age of peak bone mass.3
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Modeling, persistence of bone formation or resorp-
tion at one location, is the primary mode of bone turn-
over in the prepubertal skeleton. However, remodeling, 
the cyclical replacement of bone by resorption and 
formation, becomes the dominant mode of turnover 
after longitudinal growth ceases.4 The outcome pro-
ducing ideal bone structure in the ilium is both macro-
structural (large outer dimension of the ilium and 
increased cortical thickness), and microstructural (tra-
beculae that are adequate in numbers, thickness, and 
connectivity). In the case of tubular bone such as the 
tibia, the macrostructural and microstructural model-
ing changes are similar to that of the ilium. Mechanical 
loading is the key element for the development of 
maximal bone strength.

8.3 � Mechanical Loading and Bone 
Responses

Mechanical loads create bone bending or strain. They 
work at the cellular level to alter bone metabolism and 
thereby adapt bone size, shape, and strength to reduce 
strains and to prevent fracture. The magnitude of the 
bone stimulus is dependent upon strain magnitude, 
strain rate, number of cycles, and frequency.5 When 
activity and bone strains are in the normally adapted 
range, cellular activity is in a steady state and bone 
mass maintained. However, when strains increase to 
create a mild overload, then local osteoblast formation 
is stimulated and local bone resorption decreased for a 
net gain in bone mass. Loading also increases periosteal 
circumference and cortical thickness which results in 
increased strength.6

In animal studies, bone formation response to load-
ing is activated immediately with biochemical and 
mRNA changes detected within minutes and hours of 
loading.7 The modeling response is independent of 
prior osteoclast activation and results in net bone for-
mation. Osteoblasts appear on the surface within 48 h 
of loading and bone formation rate is accelerated by 
day five.8 If loads are maintained, then maximal bone 
formation rates are achieved within 3 weeks and may 
be complete within 12–18 weeks.9 Generally, the 
response is relative to strain (deformation) magnitude 
and localized to surfaces with the greatest strain. The 
net effect of this modeling response is to increase bone 
size and mass quickly to reduce strain. In studies using 

the ulna loading model, Robling et al10 showed that a 
small percent increase in BMC significantly increased 
bone strength. For each 1% increase in BMC in the 
loaded ulna, ultimate strength increased by 11.5%.

Animal studies have also shown that the frequency 
of mechanical stimulus is critical to the degree of adap-
tation, i.e., more frequent loading results in greater 
bone formation.10 Rest periods, but not longer duration 
of the loading stimulus, result in greater bone accrual. 
Also, larger initial loading stimuli produce greater 
gains in bone strength, and after a few weeks of load-
ing, the bone stops responding so that the amount of 
adaptation is proportional to the initial peak magnitude 
of load.11

Warden et al found that exercising in growing rodents 
resulted in improved bone structure that remained after 
detraining and into senescence.12 Exercise, using the 
forearm axial compression loading model, increased 
both bone quantity and structure. However, after 2 years, 
when the animals were elderly, the bone structure 
changes persisted, but the bone quantity changes did 
not. In the aged animals, the exercised ulnas had greater 
ultimate force, i.e., greater fracture resistance. If we 
could directly apply this in vivo work to humans, we 
could conclude that exercise during growth reduces the 
incidence of fractures in old age.

8.4 � Human Exercise Studies

Although no exercise studies have prospectively fol-
lowed humans from childhood into old age, numerous 
studies support the positive effect of weight-bearing 
physical activity, i.e., mechanical loading during child-
hood and adolescence on the development of a stron-
ger skeleton.

The majority of studies of exercise in children have 
assessed bone effects with DXA, which measures areal 
density. Although DXA provides valuable information 
about bone responses to exercise, it is important to 
note that DXA has limitations when used in children. 
Furthermore, as DXA software has improved for mea-
surement in children, comparison of older studies with 
more recent ones is difficult. For example, early soft-
ware had limited ability to detect bone edges in chil-
dren because of their incompletely mineralized bone, 
while newer software is much better at edge detection. 
Because of the ability of the newer software to improve 
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the detection of low-density bone, there is greater 
increase in identified BA than in BMC. Thus, the BMD 
values obtained with the newer software are system
atically lower than those obtained with the older 
versions.13

DXA values are more difficult to interpret in chil-
dren than in adults because children are changing in 
body size and composition, skeletal maturation, and 
pubertal stage. For example, areal BMD underesti-
mates volumetric BMD in children who are short for 
their age.14 Also DXA is unable to distinguish between 
cortical and trabecular bone or to differentiate between 
changes in bone dimensions and bone density. Increases 
in areal BMD may actually indicate increases in the 
size of the bone rather than in the bone density. Lastly, 
studies of DXA in children are challenging to compare 
because variable hardware and software were used, 
and a variety of outcomes were reported – BMD, 
BMC, and both BMD and BMC adjusted for age, tan-
ner stage, height, weight, etc.

Despite the challenges of assessing bone changes, 
the positive effect of exercise on the skeletons of chil-
dren and adolescents has strong support in the litera-
ture. Cross-sectional studies have shown that bone mass 
is higher in active compared to sedentary children15,16 
and in athletes than in nonathletes17,18 For example, 
Kannus et al assessed the effect of training with side-to-
side comparison in sports with unilateral loading.18 
Female tennis and squash players had significantly 
higher BMC at every measured site in the arm com-
pared to controls. BMC at the upper arm was 23.5% 
higher than in the controls for those who started sport 
participation greater than 5 years before menarche. The 
benefit of playing was 2 times greater if started before 
menarche. Retrospective studies have shown that retired 
dancers and long-term athletes have greater bone mass 
than controls,19 while prospective studies show greater 
increases in bone mass in active children than in those 
who are less active.20

A recent review of controlled trials concluded that 
weight-bearing physical activity enhances bone min-
eral accrual in children.21 The evidence from the trials 
suggests that early puberty may be the stage of matu-
rity at which exercise has the maximum benefit; how-
ever, there are not enough data to make a definite 
conclusion. In one of the largest randomized trials, 
which included approximately 400 boys and girls, 
Canadian researchers conducted a 10–12-min moder-
ate impact circuit training program 3 times per week in 

an elementary school setting.22 After 20 months, both 
boys and girls had a nearly 5% greater increase in bone 
accrual than controls (p < 0.05). To put this gain into 
perspective, it has been estimated that increasing the 
bone mass of the elderly population by five percent 
would decrease hip fracture incidence by 50%.23

In the above-mentioned review, the trial by Fuchs 
et al24 was rated as one of the strongest trials with a low 
risk of bias. In that study, boys and girls between 5.9 
and 9.8 years were randomly assigned to a 7-month 
jumping intervention or control group. The jumping 
group performed 100, two-footed jumps from a 61-cm 
box 3 times per week in a supervised school setting. 
The control group performed stretching exercises. At 
the end of the study, the jumping group had 4.5% and 
3.1% greater increase in BMC at the femoral neck 
(p < 0.001) and the lumbar spine, respectively, than the 
controls (p < 0.05). Thus, short bouts of moderate 
activity in prepubertal children can result in a consid-
erable benefit to bone.

Gunter et  al later combined data from the Fuchs 
study with data from an identical study and followed 
the children for 8 years.25 In the combined analysis, 
BMC of the total hip increased in jumpers over con-
trols by 3.6% (p < 0.05) by the end of the intervention. 
After follow-up with 47% of the original sample for 8 
years after the end of the intervention, the jumping 
group had a 1.4% greater hip BMC than controls. 
These findings demonstrate that bone quantity gains 
due to a simple jumping intervention during childhood 
are sustained, albeit decreased, for quite a while after 
exercise stops. Based on the animal studies of Warden 
et al12 mentioned earlier, these children may have had 
even greater advantages in bone structure that weren’t 
measurable by DXA.

Because of the limitations of DXA, research efforts 
have increased to assess bone size and structure during 
growth and in response to physical activity using mag-
netic resonance imaging (MRI) and peripheral quanti-
tative computed tomography (pQCT). Studies of racket 
sport players have shown that bending strength is 
increased by the apposition of relatively small amounts 
of bone at specific loaded sites on the periosteal sur-
face rather than by increased bone mass over the entire 
skeleton.26,27 For example, Bass et al28 studied the effect 
of mechanical loading on the size and shape of bone in 
competitive female tennis players aged 8–17 years 
using MRI combined with DXA. The loaded arms 
demonstrated 11–14% greater BMC and moment of 
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inertia (p < 0.01) compared to the nonloaded arms. The 
higher BMC reflected a 7–11% greater cortical area 
due to greater periosteal expansion. Nikander et al 26 
recently reported a study of 113 female Finnish national 
athletes (mean age 20.9 years) using peripheral pQCT. 
They were volleyball players, hurdlers, swimmers, 
racket players, soccer players, and a volunteer control 
group. The weight-bearing lower extremities of the 
athletes (except swimmers) were characterized by 
larger diaphyses, thicker cortices, and denser cortical 
bone compared to controls. Specifically, at the distal 
tibia, the athletes had significantly higher trabecular 
BMC and polar moment of inertia and thicker cortical 
walls than controls. These structural advantages con-
tribute to increased bone strength. Further evidence 
that physical activity during growth increases bone 
strength includes studies showing that military recruits 
are less likely to have stress fractures during basic 
training if they have a history of being physically 
active.29,30

Thus, strong evidence supports the notion that 
short-term exercise programs during childhood and 
early adolescence provide long-term benefits to skeletal 
health.

8.5 � Importance of Adequate Calcium 
Nutrition for Bone Development

Calcium is essential for bone mineralization, and a 
positive calcium balance is necessary for maximal 
bone adaptation to mechanical loading. In their chap-
ter of this book, Daly and Kukujan describe this as a 
“synergistic” interaction between calcium and exercise 
(see Chap. 7 for definitions of the terms “interaction,” 
“additive,” and “synergistic” in relation to the effects 
of calcium and exercise). Growing children and ado-
lescents are depositing large amounts of calcium in 
their skeletons, and their calcium requirements are 
substantially higher than those of young adults (cal-
cium requirements during growth are discussed in 
Chap. 6). Both for younger children and those going 
through puberty, supplemental calcium can have sig-
nificant positive effects on skeletal mineral content. 
Evidence suggests that calcium intake may positively 
affect peak bone mass by as much as 5–10%,31 an 
amount equal to about 0.5–1.0 standard deviations in 
peak skeletal mass. Although peak mass is not achieved 

until about age 30, at least 90% of the adult mass is 
accrued by the age of 19 or 20.31 Thus, adequate cal-
cium intake during childhood and adolescence is 
critical.

Calcium is a critical nutrient for metabolic function-
ing as well as for bone health. Ionized calcium plays a 
vital role in mediating numerous cellular processes. 
The skeleton serves as a reservoir of calcium to main-
tain plasma calcium ion (Ca++) levels. When dietary 
sources of calcium are not adequate to maintain essen-
tial Ca++ levels, bone is resorbed to provide the needed 
extracellular calcium. Thus, the strength of the skele-
ton may be sacrificed to maintain plasma Ca++ homeo-
stasis. During puberty, there is an increased bone 
turnover to meet the high demand for calcium associ-
ated with growth. When calcium intake is suboptimal, 
calcium is taken from the cortical bone resulting in 
cortical porosity and greater risk of appendicular 
fractures.4

Interestingly, a recent report indicates that forearm 
fracture rates in children have increased considerably 
over the past three decades.32 Age-adjusted fracture 
rates increased by 32% in males and 56% in females. 
This may be due, in part, to decreased consumption of 
milk, which is a major source of dietary calcium. Milk 
consumption by children has decreased in the recent 
past,33 and low milk intake in children has been associ-
ated with a greater number of fractures.34

8.6 � Studies of Calcium and Skeletal 
Development

One of the first studies to demonstrate the importance 
of dietary calcium for the promotion of bone health 
was a classic cross-sectional study in which bone den-
sity and fracture rates were evaluated in two Croatian 
populations, one of which had twice the intake of 
dietary calcium of the other (940 ± 27  mg/day vs. 
445 ± 30  mg/day).35 There was a significantly higher 
fracture rate in the low than the high calcium district. 
Young adults in the district with higher calcium intake 
also had significantly higher bone mass than young 
adults in the district with low calcium intake. Since the 
greater bone mass in the high calcium district was evi-
dent in all age groups, the authors concluded that the 
greater bone mass achieved in childhood was 
maintained throughout life.
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Strong evidence exists for the effect of calcium 
supplementation on increase in bone mass at different 
stages of maturation. Generally, studies report a posi-
tive short-term effect of increased calcium intake, 
whether from supplements, fortified foods, or dairy 
products, on various bone measures. Calcium supple-
mentation produces the greatest increase in bone mass 
in children with the lowest habitual dietary calcium 
intake.36 The stage of development at which calcium 
supplementation may have the greatest effect on bone 
health is not clear. One review concluded that the effect 
is greater in prepubertal children,37 while another 
review concluded that the effects were the greatest dur-
ing puberty.38 Findings from follow-up studies to deter-
mine the long-term effect of calcium supplementation 
are also not consistent. Some have found no long-term 
effect,39– 41 while others have shown that the positive 
effect on bone is detectable for as long as 7.5 years 
after the end of supplementation.42– 44

Welch et al studied the effects of a moderately low 
vs. adequate dietary calcium intake along with impact 
exercise on bone development in a highly controlled 
study of growing rodents45 (see Fig. 8.1). They found 
that both impact exercise and dietary calcium increased 
the density and structure of cortical and trabecular 
bone; however, impact loading resulted in greater 
effects than calcium. A recent review of human studies 
also concluded that the effects of exercise on bone are 
greater than the effects of calcium.46 In the growing 

rodent study, impact exercise and dietary calcium had 
additive effects for cortical BA in the proximal ulna 
and for trabecular volumetric BMD, total BA, and 
periosteal circumference in the distal tibia. Mechanical 
testing showed that the animals subjected to impact 
loading had greater mechanical strength, indicated by 
force to breaking, regardless of diet. However, it is 
important to note that the higher calcium group was 
given adequate calcium, but not high doses of supple
mentation.

Although no randomized human trials have reported 
the effect of calcium supplementation on fracture inci-
dence in growing children, cross-sectional data show 
that children who avoid drinking milk have a higher 
incidence of fracture.34 Also, one trial has shown that 
calcium supplementation during periods of intense 
physical activity, at the end of adolescence and longi-
tudinal growth, can dramatically reduce the incidence 
of stress fracture.47 In this study, 5,201 female military 
basic trainees were randomly assigned to supplemen-
tation with calcium and vitamin D3 or identical pla-
cebo during the 8 weeks of US Navy basic training. 
During basic training, recruits participate in rigorous 
activities including running, jumping, and walking 
long distances. For many of the recruits (mean age 20 
years), basic training involves physical activity levels 
that are much higher than those to which they are 
accustomed. Thus, calcium intake is essential not only 
for supporting adaptation to exercise but also for the 
repair of microdamage. In this study, supplementation 
with calcium 2,000 mg/day and vitamin D3 800  IU/
day decreased the incidence of stress fracture by 20%. 
This study shows that calcium intake is important for 
maintaining bone strength in young persons, who on 
an average have reached about 95% of their peak bone 
mass.

8.7 � Combined Effects of Calcium  
and Exercise

Although there are only a few randomized trials of 
the effect of exercise and calcium combined on bone 
accrual in children, there is evidence that the effect of 
exercise is enhanced in the presence of adequate cal-
cium intake. For example, in a study of prepubertal 
and pubertal girls, participants were assigned to one of 
the four groups: moderate impact exercise with or 
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without calcium supplementation or low-impact exer-
cise with or without calcium. Those assigned to mod-
erate impact exercise and calcium supplementation 
experienced a greater increase in BMC of the femur, a 
loaded site, than the other three groups.48 In a random-
ized study of calcium supplementation and physical 
activity in children aged 3–5 years,49 there was a sig-
nificant interaction between physical activity and cal-
cium supplementation. Positive effects on changes in 
leg bone mass occurred only in children consuming 
high calcium intakes (³1,100 mg/day). However, there 
were increases in periosteal and endosteal tibial cir-
cumferences in the physical activity group indepen-
dent of calcium intake.

Another study evaluated gain in BMC in prepuber-
tal girls after a 1-year rope jumping intervention in 
which three groups were compared: exercise, exercise 
plus intake of at least 1,500 mg of calcium from foods/
day, and a control group who continued with their 
usual activity and dietary intake.50 The group that exer-
cised and had a high calcium intake had a 27% gain in 
femoral neck BMC (p < 0.05), while in the control 
group it increased by 20% (NS), and in the group that 
exercised, but did not increase their calcium, by 19% 
(NS). Iuliano-Burns used a similar design and found a 
significant calcium/exercise interaction in femur BMC 
accrual48 (see Fig. 8.2). The main effect of exercise was 
at the tibia/fibia, where BMC increased by 3% more in 

the exercise than the nonexercise group (p < 0.05). In 
the forearm, a nonloaded site, there was no exercise 
effect, but there was the main effect of calcium supple-
mentation. The BMC of the radius/ulna increased by 
4% more in the supplemented girls than in the control 
group (p < 0.01). The authors concluded that exercise 
confers region-specific effects while dietary calcium 
confers generalized effects to the skeleton. Thus, evi-
dence suggests that greater gains in bone mass at 
loaded skeletal sites are achieved when exercise is 
combined with increased calcium intake.

8.8 � Bone Development and Fractures  
in Adulthood

It is well established that peak bone mass is an impor-
tant predictor of osteoporotic fracture. However, no 
prospective studies have followed individuals from 
childhood into old age to determine the importance of 
bone development for the prevention of fractures in the 
elderly. It has been shown that higher bone density is 
associated with fewer fractures in young adult women, 
who should have attained about 95% of their peak 
bone mass. In this study,51 bone density was deter-
mined in a large cohort of female US Army recruits at 
the start of military basic training. The recruits were 
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followed for the ascertainment of stress fractures. The 
relative risk of stress fracture for those in the lowest 
quintile of bone density was 6.7. In recruits without a 
history of regular exercise, those in the lowest quintile 
of bone density had nearly a 10-times greater risk of 
fracture than those in the highest quintile. This pro-
vides evidence that bone development during child-
hood is important for the prevention of fractures in at 
least the early years of adulthood.

8.9 � Summary

Strong evidence supports the importance of adequate 
calcium and physical activity for building strong bones 
during childhood and adolescence. Evidence suggests 
that exercise has greater effect than calcium and that 
the combination of calcium and exercise has a syner-
gistic effect, particularly at loaded skeletal sites. Higher 
bone density is associated with fewer fractures at the 
end of adolescence. Also, those who exercise during 
childhood and adolescence have a lower risk of frac-
tures at the end of adolescence. Cross-sectional data 
show that children who drink milk have a lower inci-
dence of fractures. Calcium and vitamin D supplemen-
tation dramatically decreases fractures in highly active 
females at the end of adolescence.

It is likely that adequate dietary calcium intake is 
necessary for full adaptation to mechanical loading in 
growing children. The optimal amount of exercise has 
not been delineated, but the level is greater than that 
currently obtained by most children. Now, the empha-
sis should be on finding ways to assure that children 
ingest recommended levels of calcium and participate 
in regular weight-bearing physical activity.
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Abbreviations

CNNHS	� China National Nutrition and Health Survey
RCT	 Randomized controlled trial
BMC	 Bone mineral content
BMD	 Bone mineral density
CV	 Coefficient of variation
BMI	 Body mass index

9.1 � Introduction

Adolescence is a period of rapid skeletal growth and 
nearly half of the adult skeletal mass is accrued during 
this period. Impaired achievement of bone mass in puberty 
is an important risk factor for the development of osteopo-
rosis in later life.1 Adolescence is therefore a window of 
opportunity for improving peak bone mass and reducing 
the risk of osteoporosis later in life.2 Calcium intake may 
be an important modifiable factor influencing the attain-
ment of peak bone mass within the genetic potential in 
an individual.3 Skeletal development may be at risk if 
calcium intake falls short of the required levels.4,5

It is now well accepted that bone mineral mass is 
largely controlled by familial and genetic factors. 
However, environmental factors, such as diet and life-
style, are also important contributors to the population 
variance in bone mineral mass.6–8 Some studies indicated 

that differences in calcium intakes, dietary pattern, 
calcium absorption and retention, physique and bone 
physiological structure, and the incidence rate of bone 
fracture might exist under different genetic and environ-
mental backgrounds.9–12 Most of these studies were car-
ried out in western countries. Till now, some studies of 
calcium supplements have been carried out in Chinese 
adolescents,13–16 but they only compared the effects of 
calcium intakes at two levels, or effects within a short 
period which could not compare the long-term effect of 
calcium supplementation.

The 2002 China National Nutrition and Health Survey 
(CNNHS) found that the daily calcium intakes was 
376 mg for boys aged 14–17 of years, and 343 mg for 
their female counterparts,17 which was only about 30% of 
the current recommendation on adequate calcium intakes 
(1,000 mg/day). The aim of this study was to evaluate the 
effects of calcium supplementation at different levels on 
bone mineral accretion and body composition in Chinese 
adolescents with low habitual calcium intakes.

9.2 � Materials and Methods

9.2.1 � Supplementation

We performed a double-blind randomized controlled 
trial (RCT) of four doses of calcium supplementation 
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given for 24 months to 257 (135 boys and 122 girls) 
healthy adolescents aged 12–15 years. We recruited 
adolescents from two junior middle schools in Beijing. 
They were randomly assigned to one of the four doses 
stratified by sex; the doses of calcium carbonate per 
day provided elemental calcium of 63, 354, 660, or 
966  mg/day. The calcium carbonates were given as 
three chewable tablets and were distributed by the 
teacher of each class every week in each term. To cover 
weekends and holidays, calcium carbonate tablets 
were given to participants beforehand by teachers. 
Trained investigators monitored compliance by calling 
participants and asking them to record the amounts 
they took in diary. Compliance, defined as the number 
of tablets consumed relative to the number allocated, 
was monitored with the diary and by counting the tab-
lets remaining at the end of intervention. We also asked 
the participants to recall the actual intake of tablets in 
an interview at the end of intervention. Actual calcium 
intake from supplements was calculated based on these 
records. Subjects with adequate data were reclassified 
into three groups based on actual total calcium intakes, 
including those from diet and calcium tablets sup
plied in this study; cut-off points were 500 mg/day and 
800  mg/day. The average calcium intakes were 386, 
629, and 984 mg/day in three groups, respectively, and 
the dose of calcium supplements were 85, 230, and 
500 mg/day.

Subjects were excluded if they had a family his-
tory of bone disease or arthropathy, taking medicines 
that could affect bone, cartilage or calcium metabo-
lism, or if they refused to have their blood taken. The 
study was approved by the Ethical Committee of the 
National Institute for Nutrition and Food Safety, 
Chinese Center for Disease Control and Prevention. 
A written consent form was obtained from each par-
ticipant and his/her parents or guardian. Data collec-
tion was conducted at baseline and after 24 months of 
supplementation.

9.2.2 � Bone Mineral and Body 
Composition Measurement

A Norland XR-36 (DXA) scanner (Norland, Fort 
Atkinson, WI) was used both at baseline and 24 months 
to measure the BMC and BMD of the total body 
and lumbar spine and total body composition. Quality 

control was performed every day during the study 
period according to the manufacturer’s instructions. 
The coefficient of variation (CV) value for repeated 
measurements was 0.56–0.65%.

9.2.3 � Assessment on Physical Activity 
Level and Dietary Intake

Information on physical activity for the previous 1 year 
was collected by validated questionnaire18 by trained 
interviewers. Energy expenditure and duration of physi-
cal activity were calculated. Dietary intake was assessed 
with a consecutive 3-D food recall questionnaire (includ-
ing 2 weekdays and 1 weekend). The Chinese Food 
Composition Tables were used to calculate nutrient 
intakes.19

9.2.4 � Anthropometric Measurements  
and Pubertal Stage

Height and weight were measured in standing position 
while wearing light clothing and no shoes. Participants 
were weighed to the nearest 0.1 kg with an electronic 
digital scale (Thinner, Fairfield, WI). Height was mea-
sured by the same observer (QZ). The subjects were 
measured in bare feet to the nearest 0.1 cm by stadiom-
eter (TG-III Type, No. 6; Machinery Plant, Beijing, 
China). Body mass index (BMI) was calculated (kg/m2). 
Female breast or male genitalia development, pubic hair 
development was ascertained according to Tanner’s 
definitions of five stages of puberty20 during an inter
view.

9.2.5 � Statistical Analysis

Descriptive statistics are reported as means±SDs 
unless  otherwise indicated. ANOVA, Kruskal–Wallis 
test, and Chi square analysis were used to compare dif-
ferences in baseline characteristics between supple-
mented groups. Intervention effects on differences 
indicators between the three groups were investigated 
by multiple linear regression or ANCOVA models after 
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adjustment for baseline values and for potential con-
founders. All statistical analysis was done with SAS 
(SAS 8.2e for Windows, SAS Institute, Inc.).

9.3 � Results

A total of 197 subjects completed 2 years of sup
plementation (101 boys, 96 girls), and the response rate 
was 77%. There were no significant differences between 
subjects who completed 2 years of supplements and 
those were lost to follow-up except in dietary calcium 
intake, included participants were higher than excluded.

Males in Group 3 had higher dietary intakes of energy 
(2,211  kcal/day) and calcium (532  mg/day) and per-
formed less physical activity (6.5  h/w) compared with 
other groups (p < 0.05). Females in Group 2 and Group 3 
had higher dietary intakes of energy and calcium com-
pared with group 1. A higher percentage of females in 
group 3 had a tanner stage ³IV. There were no other sig-
nificant differences between the three groups (Table 9.1).

At baseline, there were no significant differences 
among the three groups on BMC and BMD of total 
body and lumbar spine. After 2 years of calcium sup-
plements, total body BMC in males in Group 2 (2,464 g) 

and Group 3 (2,437 g) were significantly higher than 
that in Group 1 (2,321 g), adjusted for baseline value 
(p < 0.05) (Table  9.2). This persisted after additional 
adjustment for age, pubertal development, BMI, physi-
cal activity, and energy intake. Also in males, increases 
in total body BMC after 2 years were higher in Group 
2 and Group 3 than Group 1 (p < 0.05). There were no 
statistically significant differences in the BMD of total 
body or lumbar spine between the groups after 2 years. 
There were no significant effect differences among 
groups in case of females.

At baseline, total body composition was not differ-
ent in 3 groups. After 2 years, in males, lean body mass 
and body weight were significantly higher in Group 2 
(49.1 and 62.3 kg, respectively) and Group 3 (48.8 and 
61.7 kg) than in Group 1 (46.7 and 58.9 kg), adjusted 
for baseline value (p < 0.05) (Table 9.2), and this differ-
ence persisted after additional adjustment for age, 
pubertal development, BMI, physical activity, and 
energy intake (p < 0.05). In males, changes in lean body 
mass was significantly higher in Group 2 and Group 3 
than in Group 1(p < 0.05), but there were no significant 
differences between groups in the changes of body fat 
and body fat percentage. In females, there were no sig-
nificant differences in the changes of body composition 
among groups over 2 years.

aMed (Q3-Q1), Kruskal–Wallis Test
bChisq test

Male p Female p

Group 1 Group 2 Group 3 Group 1 Group 2 Group 3

n 38 40 23 35 39 22

Age (years) 13.5 ± 0.5 13.6 ± 0.5 13.5 ± 0.5 0.801 13.4 ± 0.6 13.2 ± 0.5 13.3 ± 0.5 0.525

Height (cm) 156.9 ± 9.3 158.0 ± 8.1 161.6 ± 9.8 0.133 155.5 ± 8.7 155.7 ± 6.2 156.7 ± 5.0 0.800

Weight (kg) 48.5 ± 14.9 48.7 ± 11.1 48.2 ± 10.7 0.988 46.8 ± 9.9 48.5 ± 10.7 49.9 ± 12.3 0.565

Energy intake  
(kcal/day)

1,790 ± 370 1,818 ± 428 2,212 ± 640 0.002* 1,369 ± 292 1,541 ± 350 1,639 ± 354 0.009*

Calcium intakes from  
food (mg/day)

311 ± 67 397 ± 127 532 ± 250 0.000* 290 ± 84 401 ± 131 430 ± 159 0.000*

Calcium intakes from  
tablets (mg/day)

76 ± 60 232 ± 130 496 ± 298 0.000* 95 ± 74 229 ± 119 508 ± 231 0.000*

Total Calcium  
intakes (mg/day)

387 ± 17 629 ± 16 1,028 ± 22 0.000* 385 ± 18 630 ± 17 938 ± 22 0.000*

Time of physical  
activity (h/w)a

10.8(13.3) 12.4(11.5) 6.7(5.9) 0.008* 9.5(9.2) 10.2(7.2) 9.8(9.7) 0.935

Tanner stage ³IV (%)b 50 63 61 0.499 49 51 82 0.029*

Table 9.1  Comparison of characteristics among three groups
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After supplementation, body weight of Group 2 
(62.3 kg) and Group 3 (61.7 kg) in males was significantly 
higher than Group 1 (58.9 kg) after adjustment (p < 0.05). 
There were no significant differences among groups in 
height before and after intervention.

Factors associated with the changes in total body 
BMC were sex, pubertal stage, physical activity, and 
calcium intakes in adolescents (R

c
2 = 0.429) (Table 9.3). 

Sex explained about 39% of variation in bone mineral 
accretion with males having greater increases than 
females. Pubertal stage was negatively associated, 
while physical activity and calcium intakes were posi-
tively associated with total body BMC change.

9.4 � Discussion

A recent meta-analysis of RCTs of calcium supple-
mentation found that there was a small effect of cal-
cium supplementation in the upper limb,7 but raised 
doubts as to whether calcium supplementation in chil-
dren benefits BMD. However, in our study, total body 
BMC in male adolescents with low habitual calcium 
intakes benefited from calcium supplementation of 
230 and 500 mg/day lasting for 2 years. Our study may 

Comparison at baseline p >0.05
Comparison 2 years later:
*Adjusted for the baseline value, p <0.05
**Additional adjustment for age, pubertal development, and bmi, p <0.05
***Additional adjustment for physical activity and energy intake, p <0.05

Male Female

Group 1 Group 2 Group 3 Group 1 Group 2 Group 3

Total body  
BMC (g)

Baseline 1,821 ± 436 1,872 ± 357 1,893 ± 374 1,864 ± 348 1,902 ± 292 1,885 ± 265

2 Years later 2,321 ± 460 2,464 ± 365*,**,*** 2,437 ± 442*,**,*** 2,172 ± 325 2,216 ± 249 2,208 ± 308

Total body  
BMD (g/cm2)

Baseline 0.75 ± 0.10 0.76 ± 0.09 0.75 ± 0.09 0.78 ± 0.09 0.80 ± 0.08 0.79 ± 0.08

2 Years later 0.86 ± 0.12 0.90 ± 0.10 0.88 ± 0.10 0.85 ± 0.08 0.88 ± 0.07 0.87 ± 0.08

Lumbar spine  
BMC (g)

Baseline 28.97 ± 8.74 29.43 ± 6.74 30.79 ± 7.81 32.57 ± 8.93 32.79 ± 6.57 32.07 ± 6.38

2 Years later 40.97 ± 9.33 41.93 ± 6.44 43.03 ± 9.05 39.14 ± 6.98 39.65 ± 5.69 37.88 ± 6.53

Lumbar spine  
BMD (g/cm2)

Baseline 0.73 ± 0.13 0.74 ± 0.12 0.718 ± 0.11 0.84 ± 0.16 0.84 ± 0.13 0.81 ± 0.13

2 Years later 0.93 ± 0.16 0.94 ± 0.12 0.91 ± 0.13 0.97 ± 0.12 0.98 ± 0.11 0.93 ± 0.12

Lean body  
mass (kg)

Baseline 38.3 ± 10.1 38.5 ± 7 38.7 ± 8.1 32.9 ± 5.7 32.8 ± 4.8 33.8 ± 5.3

2 Years later 46.7 ± 8.6 49.1 ± 5.8*,**,*** 48.8 ± 8*,**,*** 35.1 ± 5.8 35.1 ± 5.4 35.9 ± 6.9

Body fat (kg) Baseline 9.9 ± 6.3 9.9 ± 5.8 9.4 ± 4.5 13.6 ± 4.9 15.3 ± 6.8 15.8 ± 7.5

2 Years later 11.2 ± 7.5 11.7 ± 6.4 11.7 ± 7.2 17.9 ± 6.1 18.7 ± 6.3 20 ± 7.3

Table 9.2  Effect of calcium intervention on bone measures and body composition

Variables b p R2 R
c
2

Gender  
(females>males)

−0.607 0 0.389 0.429

Tanner stage  
(IV+V)>(I−III)

−0.181 0.001 0.026

Time of physical  
activity

0.136 0.013 0.013

Groups of calcium 
supplementation

0.115 0.036 0.012

Table  9.3  Multivariable stepwise regression on influencing 
factors of bone mineral accretion of the total body

Independent variables were sex, groups of calcium supplemen-
tation, energy intakes, time of physical activity; dependent vari-
able was change of total body BMC
Standard of enter model was 0.10, remove model was 0.15
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have demonstrated an effect, because male subjects in 
this study were at the peak stage of bone mineral accre-
tion since BMC velocity peak is at 13.3 years for 
boys.21 In addition, at baseline, dietary calcium intake 
of our sample was very low at 382 mg/day and supple-
mentation may have had an effect because of this. Our 
results also show that tanner stage was one of the most 
important potential factors affecting bone mass gain. 
During puberty, bone turnover is increased and sex ste-
roids, the GH-IGF-I axis and 1,25(OH)

2
D play major 

roles in bone mass change.22 Dietary calcium intake in 
midpuberty was strongly associated with young adult 
bone mass.23 Similar significant results were found in 
white adolescents at the age of 16–18 years who sup-
plemented 600  mg calcium per day lasting for 13 
months.24

Sex was another important determinant of bone 
mineral accretion and no significant effects of supple-
mentation were found in females in this study. The 
BMC velocity peak in girls is at 11.4 years, earlier than 
in boys. Within 3 years, on either side of BMC velocity 
peak, boys had consistently higher BMC velocity com-
pared with girls and the discrepancy increased steadily 
through puberty.21 Subjects in this study were 13–15 
years old during the supplementation of 2 years, which 
might explain as to why males benefited from calcium 
supplementation and females did not.

Dietary calcium intake is a potential factor influ-
encing weight gain and may reduce body weight,25 but 
the evidence for this in children is conflicting. A meta-
analysis was performed recently in children; no statis-
tically significant effects of calcium supplementation 
were found on weight or body fat.6 However, most 
studies on the effects of calcium or milk supplementa-
tion on body composition have been in girls.26–28 Our 
finding that calcium supplementation had no effect on 
body composition in female is consistent with this, but 
our data also suggest that male adolescents may have 
benefits in terms of lean body mass and body weight 
from calcium supplementation. Similar significant 
results on lean body mass were found in white adoles-
cents at the age of 16–18 years.24 A plausible mecha-
nism for the effect of calcium supplements on increase 
in male’s lean mass might be through increases in 
mechanical loading and muscle forces.29

In conclusion, calcium supplementation of more 
than 230 mg/day for 2 years can enhance total body 
bone mineral accretion and increase lean body mass in 
Chinese male adolescents with low habitual calcium 
intakes, but not in females. Sex, tanner stage, physical 

activity, and calcium intakes are important determi-
nants of bone mineral accretion.
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10.1 � Introduction

An inadequate calcium intake among Japanese youth 
has been commonly observed and it has been asso
ciated with lower bone mineral density (BMD).1, 2 
Moreover, the increasing prevalence of unhealthy diet-
ing practices is seen among young women in most 
industrialized countries. In fact, more frequent dieting 
has been associated with lower BMD in Japanese 
young women.1 The increasing prevalence of unhealth-
ful dieting practices may also adversely affect dairy 
food consumption.

Research indicates that young women may reduce 
dairy food consumption due to fears about weight gain 
and erroneous beliefs that milk and other dairy foods 
are fattening.3 However, recent research suggests an 
inverse relation of dairy food and calcium consumption 
with weight or fatness. This new evidence and review of 
studies conducted in Caucasians and African–Americans 
support the view that calcium plays a role in adipocyte 
lipid kinetics and in moderating fatness.4–7 Longitudinal 
analyses in adults have shown that increased levels of 
calcium or dairy foods are negatively associated with 
changes in body weight.4–7 More recently, no relation 
was observed between the intake of calcium or dairy 
products and the accumulation of BMI by several inter-
vention studies.8,9 Both the mechanism and magnitude 
of the calcium-body weight effect remain uncertain as 
well. Other components in dairy products may also play 
a role in body weight regulation. Most studies that 

report longitudinal change in body composition mea-
sures are limited to Caucasians and Africans, but not 
Asians, whose body weight and fat mass are smaller, 
and whose habitual calcium and dairy intakes are much 
lower than those reported for Caucasians and Africans 
in the United States and Europe.5–7 Also, few data about 
lean mass change were available in relation to such 
weight loss. Therefore, further study in Asian subjects 
on dieting may provide a new viewpoint and evidence 
of calcium function for the regulation of not only body 
fat but also lean mass.

Unnecessary dieting appears to be increasing in 
popularity among young women in many industrial-
ized countries, and weight loss may be accompanied 
by loss of bone and lean mass.1,10

In this study, we examined the relation of increased 
intake of milk to lean body mass, fat mass, and BMD 
during a 4-month, moderate, self-controlled dieting 
regimen in Asian young women of normal weight. In 
addition, the effect of vitamin D on changes in fat and 
muscle mass was investigated. We tried to find the 
healthiest and most comfortable dieting method that 
would decrease body fat and increase lean mass with-
out decreasing BMD.

10.2 � Materials and Methods

10.2.1 � Subjects

One hundred and forty-eight new college students had 
voluntarily attended this program. Two students who 
were obese (BMI > 30) and two students who were 
very short (body height <−2 SD) were excluded from 
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this study. The students were randomly assigned to 
drink a glass of milk (³200  mL) daily (n = 77; milk 
group) or drink freely (whatever they wanted, n = 71; 
control group). Of the 77 subjects in the milk group, 18 
students preferred to switch to the control group due to 
their distaste for milk. Of the 71 subjects in the control 
group, 11 students preferred to switch to the milk 
group. Thirty seven subjects (12 in milk and 25 in con-
trol) could not keep a diary of body weight, diet, and 
physical activity which was essential for this program. 
Eleven subjects (6 in milk and 5 in control) could not 
get blood test at the end of this program. Finally 100 
subjects (52 in milk and 48 in control) could complete 
this dieting program of 4-months (Table 10.1).

10.2.2 � Study Design

Subjects were instructed either to drink more than 
200  mL milk before dinner (milk group) or to drink 
freely with no obligations (control). Subjects were 
advised by a registered dietician on ways to decrease 
energy intake and increase physical activities in order to 
lose body fat. All the subjects were asked to keep a 
diary of daily body weight, dairy intake, physical activ-
ity, and any other changes related to body weight 
thought to be important for successful dieting program.

10.2.3 � Bone Density and Body 
Composition Measurement

Body fat, lean mass, bone mineral content (BMC), and 
bone mineral density (BMD at the lumbar spine (L2–L4), 
femoral neck, Ward’s triangle, trochanter) were mea-
sured by DXA (DPX; GE Lunar, Madison, Wisconsin, 
USA) at baseline and after 4-months of dieting. Mea
surements were completed between 1 and3 weeks after 
conclusion of dieting.

10.2.4 � Assessment of Dietary Intake  
and Other Lifestyle Factors

Three-day dietary records at the start and the end of the 
study for all subjects were reviewed and analyzed by a 
trained dietitian using software (DELTIS; Olympus 

Optical Co. Ltd., Tokyo). Fourteen subjects (8 in con-
trol and 6 in milk group) did not report the records at 
4-months. Lifestyle questionnaires assessed previous 
and current sports activities and medical history at 
baseline and 4-months for all subjects.

Table  10.1  Baseline characteristics of the subjects who com
pleted the studya

(n = 100)

Age (year) 23 ± 5 (18−37)b

Height (cm) 159 ± 6 (148−174)

Body weight (by scale) (kg) 54.1 ± 6.4(38.4−75.3)

BMI (kg/m2) 21.5 ± 2.3(16.0−28.6)

Circumference (cm)
  Waist
  Hip

67.1 ± 5.3 (56.5−86.0)
93.6 ± 5.1 (80.4−108.5)

DXA measure
  Body weight (kg) 54.20 ± 6.39 (37.63−76.04)

    Body fat mass (kg) 17.46 ± 5.22 (4.25−34.56)

      Lean mass (kg) 34.34 ± 3.16 (27.10−41.24)

    BMC (kg) 2.39 ± 0.26 (1.81−3.22)

  BMD (g/cm2)
    Lumber spine (L

2
−L

4
) 1.189 ± 0.121 (0.903−1.443)

    Femoral
      Neck
      Ward’s triangle
      Trochanter

0.961 ± 0.116 (0.677−1.273)
0.942 ± 0.144 (0.585−1.311)
0.830 ± 0.119 (0.548−1.158)

Intake of
  Energy (kJ/day)
  Carbohydrate (g/day)
  Protein (g/day)
  Fat (g/day)
  Cholesterol (mg/day)
  Calcium (mg/day)
  Vitamin D (µg/day)
  Milk (mL/day)

7,755 ± 1,679 (3,660−12,132)
238.0 ± 51.6 (59.5−426.5)
65.2 ± 16.8 (26.8−113.2)
67.9 ± 21.1 (24.7−128.0)
376 ± 146 (95−884)
474 ± 196 (101−968)
5.8 ± 4.3 (0.4−21.7)
116 ± 115 (0−600)

Duration of
  Sunbathing (min/day)
  Walking (min/day)
 � Physical activity  

(min/month)

42 ± 24 (0−120)
40 ± 22 (0−90)
155 ± 345 (0−1920)

BMI body mass index; DXA dual-energy X-ray absorptiometry; 
BMC bone mineral content; BMD bone mineral densities
ax±SD (all such values)
bNumbers in parentheses represented range (all such values)
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10.2.5 � Statistical Analyses

Descriptive and univariate statistics were assessed for 
all variables. All statistical analyses were carried out 
using the Statistical Package for Social Sciences 
(SPSS 12.0, SPSS, Chicago, IL, USA). Student’s t-test 
was used to identify significant differences between 
milk and control groups at baseline and at 4-months. 
The statistical significance of the differences among 
multiple groups was studied with analysis of variance 
(ANOVA). If the ANOVA was significant, we per-
formed the Tukey test for comparisons within all 
groups. Equality of two correlation coefficients was 
evaluated by Excel. p values of <0.05 were considered 
statistically significant.

10.3 � Results

10.3.1 � Baseline Characteristics of the 
Subjects Between Control  
and Milk Groups

There were no significant differences in baseline char-
acteristics of anthropometric measurements, physical 
activities, and duration of sunbathing between the con-
trol and the milk groups. Baseline intake of milk 
(59 ± 75 and 169 ± 120 mL/day, respectively), protein, 
and calcium and BMD of the lumbar spine and femur 
were significantly lower in the control group. It is 
because some subjects in each group, after being ran-
domly assigned, who disliked (in milk group) or liked 
milk (in control group) transferred from one to another 
as described in material and methods.

10.3.2 � Nutritional Intake, Physical 
Activity, and Body Weight  
During Dieting

Daily intakes of milk and calcium were significantly 
greater in milk (198 ± 85 mL/day) than control group 
(71 ± 70 mL/day) throughout the intervention. Actual 
mean intake of milk in the milk group was not more 
than 200 mL/day. Only 22 subjects drank more milk 

than 200  mL/day in the milk group. Total calcium 
intakes during dieting were significantly different 
between the groups (557 ± 248 mg/day vs. 382 ± 143 mg/
day). The mean intake of energy, carbohydrate, and fat 
were significantly decreased in the both control and 
milk groups; however, intakes of vitamin D and dura-
tion of physical activities and sunbathing were not sig-
nificantly different from baseline in both the groups.

The curves of monthly changes in body weights 
measured by scale were similar in both the control and 
milk groups (Fig. 10.1).

10.3.3 � Changes in Body Fat Mass, Lean 
Mass, and BMD After 4 Months  
of Dieting

Mean body weight, waist and hip circumferences, and 
lumbar spine BMD after 4-months of dieting were sig-
nificantly decreased from baseline in both milk and 
control groups.

Body fat mass was significantly decreased only in 
the milk group (−1.2 ± 2.6kg) but not in the control 
group (−0.4 ± 3.0 kg), and change in body lean mass 
was+0.3 ± 2.0 kg in milk group and −0.5 ± 2.6 kg in the 
control group (Fig. 10.2).
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Fig. 10.1  Mean (±SD) change in body weight by assignment to 
control and milk groups through 4 months. Time course changes 
are presented as body weight loss measured by electronic scale. 
There were significant differences in the mean changes of body 
weight at 1 month (p < 0.01) and 2 months (p < 0.05, Student’s 
t-test) between control and milk groups. Significantly different 
decreases in body weight from baseline were observed at 3 and 
4 months in control and 1, 2, 3, and 4 months in the milk group 
(p < 0.05, one-way ANOVA and Tukey’s test)
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The changes in lean mass in the milk group were 
correlated with changes in L2-L4 BMD (p = 0.05), and 
the subjects in the highest quartile of lean mass gain 
did not indicate any decrease in L2-L4 BMD.

10.3.4 � Effect of the Amount of Milk Intake 
on Body Fat Loss and Lean Mass 
Gain

Significantly higher body fat loss (−2.0 ± 2.8 kg) and 
higher lean mass gain (0.8 ± 2.0  kg) were observed 
only in those who drank more milk than 200 mL/day 
(n = 22) than the control group.

10.3.5 � Effect of Vitamin D Intake on the 
Changes in Body Fat and Lean 
Mass

When the subjects were subgrouped by the median 
intake (4.7 mg/day) of vitamin D, a significantly larger 
decrease in body fat (−1.7 ± 2.8 kg) and larger increase 
in lean mass (0.58 ± 2.2kg) were observed in milk sub-
jects with higher vitamin D intake than the controls 
(Fig.  10.3). However, changes in body composition 
were not associated with the levels of vitamin D in the 
control group (Fig. 10.3).

10.3.6 � Effect of Higher Intake of Milk  
and Vitamin D

When the subjects were subgrouped by the median 
(4.7  mg/day) intake of vitamin D along with milk 
(200  mL/day), the highest decrease in body fat 
(−2.5 ± 3.0 kg) and the highest increase in lean mass 
(+0.9 ± 2.2  kg) were observed in the subjects with 
higher intake of milk (>200 mL/day) along with higher 
vitamin D intake (³4.7 mg/day).

10.3.7 � Association Between Lean Body 
Mass Gain and Fat Loss

The changes in lean body mass gain were strongly asso-
ciated with changes in body fat loss in both milk 
(r = −0.79) and control (r = −0.76) groups, while such 
association was significantly stronger in the subjects 
who had higher intake of vitamin D (³4.7  mg/day; 
y = −0.726 × –0.628, r = −0.85) than in those with a lower 
intake (<4.7 mg/day; y = −0.520 × –0.555, r = −0.68).

10.4 � Discussion

Our study had two major findings. First, daily milk 
intake did not increase body fat mass, but decreased 
body fat and increased lean mass during moderate 

**p < 0.001, *p < 0.01 (Student t-test); Significantly different from baseline
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weight loss (Fig. 10.2). Second, higher intake of vita-
min D could enhance such milk effects on fat loss and 
lean mass gain (Fig. 10.3). The higher vitamin D intake 
likely helps to effect a change from fat to lean mass. 
Another finding was that the significant milk effects on 
body fat loss and lean gain were found in the subjects 
who ingested more than 200 mL of milk daily.

Although much of the clinical data supports a nega-
tive relation between calcium or dairy intake and body 
weight or fat mass,4–7 some researchers have found 
little evidence for an effect of dairy or calcium supple-
mentation in reducing body weight or fat mass.8,9 Most 
of these data did not demonstrate the change in lean 
body mass with calcium intake during weight reduc-
tion. Our study succeeded in demonstrating for the first 
time that a daily intake of a glass of milk (>200 mL) 
along with a higher intake of vitamin D was associated 
with, not only a decrease in body fat mass, but also an 
increase in lean mass during dieting. The stronger 
associations between lean mass gain and fat mass loss 
in the subjects with higher intake of vitamin D were 
clearly found in our study.

The baseline calcium intake in our subjects was 
quite low, 474 ± 196  mg/day including calcium from 
milk (about 116 mL/day) (Table 10.1), which are quite 
similar to the mean value of Japanese women in the 
national nutrition survey,11 while the reported basal cal-
cium intake in the US populations was as much as 700–
1,000  mg/day.5,6 What’s more, dairy foods, whose 

absorption rate of calcium is presumably the highest 
among foods, provided only 24% of total calcium intake 
in the diets of Japanese. Sixty-three percent of calcium 
intake was from vegetables,11 the calcium absorption 
rate of which is quite low. Thus increased intake of just 
a glass of milk (>200 mL), a highly bioavailable cal-
cium source, resulted in about 47% increase in calcium 
intake in young Asian subjects in this study, which 
might lead to significant changes of body composition. 
Therefore, a similar amount of milk may not necessar-
ily have a similar effect in Western subjects.

We also found that higher intake of vitamin D along 
with higher milk intake was associated with a greater 
decrease in body fat mass and increase in lean mass 
during weight reduction (Fig. 10.3). This finding may 
prove the additive effects of vitamin D to calcium on 
the body fat mass and lean mass. As we have indicated 
that the association between body lean mass gain and 
fat mass loss was stronger in the subjects with higher 
intake of vitamin D, Vitamin D may play important 
roles in muscle metabolism in addition to calcium 
absorption.

Zemel et al previously proposed that consumption 
of dairy products had greater effect on fat loss than cal-
cium supplements, owing to other nutrients in milk, 
such as branched chain amino acids.6 These researchers 
did not discuss the effect of natural vitamin D or dairy 
fortified vitamin D, but did suggest a calcium effect 
on  lipolysis operating through serum 1,25-dihydroxy 
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vitamin D [1,25(OH)
2
D] in adipocytes.12 Similarly, 

most investigators did not demonstrate an effect of 
native vitamin D intake on body fat reduction or lean 
mass gain followed by dairy or calcium intake.4-9 It is 
noteworthy that dairy products are not fortified with 
vitamin D in our country in contrast to usual vitamin D 
fortification in the United States. This lack of vitamin 
D fortification in milk in this study offers some clarifi-
cation of the independent effect of vitamin D intake 
from dairy products on body composition. Interestingly, 
obese adults have been found to have low serum 
25-hydroxy vitamin D [25(OH)D], a reflection of 
endogenous vitamin D nutrition, and a negative corre-
lation of serum 25(OH)D with body fat mass.13,14

In addition to the optimal intake of vitamin D for 
maximal calcium absorption, recent data have shown that 
higher intake of vitamin D is associated with increased 
muscle strength, potentially leading to reduced falls and 
decreased incidence of bone fracture.15,16 These data 
related to poor nutrition among the elderly agree with our 
data on gain of lean mass among our milk subjects who 
have a higher intake of vitamin D during dieting.

We believe that this is the first longitudinal study 
that helps clarify the relation of the intake of calcium 
and vitamin D on gain of lean body mass and fat loss. 
A limitation of our study is that we did not measure 
serum 25(OH)D levels, which would have provided an 
accurate indication of vitamin D levels. Another limi-
tation of our study is that basal calcium intakes between 
the control and milk groups were significantly differ-
ent owing to the eight subjects who finally completed 
in each group but switched from one group to another 
in order to obtain informed consent. Still, all of the 
milk subjects did not drink milk above 200 mL/day. It 
shows that unfortunately, dairy food is not so popular 
among young Asian females.

Anthropometric measurements and bone mineral den-
sities are lower and mean calcium intake is much lower 
in Asians1,2,11 compared with Caucasians.4–6 Despite the 
fact that obese people (BMI >30 kg/m2) make up only 
3–4% of Japanese adults,11 dieting is quite popular among 
Japanese people, especially among young women. A 
recent study showed that 54% of women and 37% of 
men in Japan have tried to lose body weight.11 In order to 
maintain a proper amount of lean mass and BMD, rea-
sonably moderate and healthful dieting should be sug-
gested to these young people.

Our data on Asian young adults indicate that dairy 
foods together with adequate intake of vitamin D will 

help not only to decrease body fat mass, but also to 
increase lean body mass, a finding that has not been 
investigated previously in slender young Asian women. 
On the basis of this study, we suggest that enhanced 
intake of dairy products or calcium and vitamin D may 
be warranted in Japanese subjects. Furthermore, increased 
calcium and vitamin D intake may also contribute to a 
reduction in bone fracture rate and prevention of obesity 
and disorders associated with the metabolic syndrome17 
in both young and older adults. Further investigation is 
needed to determine an optimal intake of calcium and 
vitamin D for each subject and to clarify the mechanisms 
related to their effect on fat and lean mass.
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11

11.1 � Introduction

The basic elements, carbon (C), oxygen (O), hydrogen 
(H), and nitrogen (N) and the abundant elements, cal-
cium (Ca) and phosphate (P), represent 98% of the dry 
mass of an organism, while 0.5% of the dry mass con-
sists of about 40 trace elements. The present definition 
of trace elements determines that their concentrations in 
the organism are below 50 mg/kg. We know from fif-
teen of these that they are essential trace elements, e.g., 
arsenic (Ar), copper (Cu), chromium (Cr), cobalt (Co), 
iron (Fe), fluoride (F), iodine (I), manganese (Mn), 
molybdenum (Mo), nickel (Ni), selenium (Se), silicon 
(Si), tin (Sn), vanadium (V), and zinc (Zn), while we do 
not have sufficient knowledge on elements such as cad-
mium (Cd), lithium (Li), bromine (Br), and others. 
Historically, the importance of trace elements was first 
shown in the nineteenth century for zinc in microorgan-
isms (Aspergillus niger, Raulin 1869), and later on, for 
the relevance of iron in hematopoiesis and anemia, 
which was described by Osler, Stockman, and Cloetta 
(for citations see1).

Trace elements are often a part of the active centers 
of enzymes, e.g., copper, zinc, and manganese in 
superoxide dismutases and selenium in various sele-
nium-dependent enzymes like thioredoxin reductases 
and glutathione peroxidases.2 Not only are such trace 
element-dependent proteins active in the balancing the 
reactive oxygen species but also in reducing critical 
cysteins that are involved in protein folding and DNA 
binding of transcription factors (e.g., estrogen and 

vitamin D receptors and nuclear factor kappa B NFkB). 
In consequence, trace elements influence a series of 
essential processes of life, in health and disease, such 
as signaling cascades, protection of proteins and DNA 
from oxidative damage and its consequences such as 
DNA instability, degenerative diseases and cancer, 
aging and inflammation processes, reproduction, preg-
nancy, and lactation, to mention just a few.2,3

Micronutrient deficiencies including trace element 
deficiencies contribute significantly to worldwide 
disease and mortality burden as recently reviewed 
for  vitamin A, iodine, iron, and zinc by Boy et  al.3 
Deficiencies of these compounds cause problems such 
as growth stunting, blindness, susceptibility to infec-
tions such as prevalence of diarrhea and pneumonia, 
and childhood mortality and this causes worldwide 
awareness. In contrast, the impact of nutritional trace 
element deficiencies on the worldwide risk and burden 
of musculoskeletal diseases is largely unknown. In the 
European Union, the nutritional situation in, for exam-
ple, elderly people is presently regarded as sufficient 
according to present standards, but little is known about 
other parts of the world and especially about children 
and adolescents. However taking only zinc as an exam-
ple, the impact of this trace  element on cell biology, 
growth, infection, aging, senescence and degenera-
tive  diseases like Alzheimers disease is impressive. 
Particularly in case of degenerative diseases, zinc serum 
levels might not necessarily correlate with intracellular 
changes because of variable function and expression of 
zinc transporter molecules.4,5 Thus it may be anticipated 
that more research is needed as to the role of trace ele-
ments in disease and also in bone biology, especially 
with respect to their interaction with calcium and phos-
phate metabolism and the regulators of the parathyroid 
hormone/vitamin D/calcium endocrine system. We 
will, in this minireview, focus on the putative roles of 
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zinc and selenium and on their putative nutritive and 
geological interactions with calcium under extreme 
conditions in some regions of the world (e.g., Nigeria, 
Gambia, Bangladesh), where calcium deficient rickets 
are an outstanding problem with a high individual and 
population-relevant burden of disease.

11.2 � Trace Elements and Bone

Bone is a complex tissue, which is formed and resorbed 
by tightly coupled actions of mesenchymal stem cell-
derived osteoblasts/osteocytes and monocyte-derived 
osteoclasts. The process is influenced by many hor-
mone and growth factor-driven signaling cascades, 
mechanical loading, and by the nutritional supply of 
minerals and trace elements.6 Rickets/osteomalacia and 
osteoporosis are the most important diseases because 
of vitamin D and calcium deficiency and bone loss/
altered bone quality as a result of multifaceted influ-
ences of genetics, aging, lifestyle, and environment.

11.2.1 � Zinc in Cell Biology and Bone

Zinc is important for several essential processes in cell 
biology. Relevant examples are zinc finger-dependent 
transcription factors of the families of steroid hormone 
receptors and a superfamily of zinc finger proteins, 
many of which have not yet been functionally ana-
lyzed.7,8 Zinc atoms in these proteins are surrounded 
by several cysteins, which form finger-like structures 
to bind to receptor and conformation-specific DNA 
response elements resulting in transcription modula-
tion (Fig. 11.1). Besides the fact that the receptors for 
estrogens, androgens, glucocorticoids, and vitamin D 
are important players in osteoblast biology and bone 
formation/remodeling,6 recent data on other zinc finger 
proteins demonstrate that some of the yet unknown 
functions of zinc finger transcription factors may also 
be involved in bone metabolism. The zinc finger pro-
tein Schnurri was reported to be relevant for bone 
remodeling since KO mice were osteopenic due to 
both osteoblastic and osteoclastic defects.9 The zinc 
finger and BTB domain containing 40 gene ZBTB40 
was one of the loci associated with osteoporosis in a 
large cohort study published in 2008.10

A second important field where the trace element 
zinc is involved is the extracellular matrix metabolism 
as exerted by proteases, which are also very important 
in bone biology and metabolism.11 Zinc-dependent 
metalloproteases are even developed as small molecule 
targets for the treatment of MMP-related diseases such 
as arthritis and cancer. Metalloproteases possess zinc-
binding domains that are involved in the efficiency of 
proteolysis.12 A HEXXHXXGXXH/D zinc-binding 
consensus sequence shows three histidines as zinc 
ligands and glutamic acid as the catalytic base, which 
is of relevance in the functions of ADAMS proteases 
and MMPs, as has been shown by structural studies 
using bacterial serralysins. The zinc metalloprotease 
Ste24 (Zmpste24) processes Lamin A/C, a key gene 
involved in premature aging, which was also recently 
shown to be involved in osteogenic differentiation 
processes.13,14

Zinc and its intracellular homeostasis are being 
extensively discussed as a putative pathomechanism of 
degeneration especially in neurodegenerative diseases. 
Moreover, accumulation of cells with critical telomere 
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receptor heterodimer binding to DNA (a) and of the Zinc finger 
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shortening has been found to be associated with the 
alteration of intracellular zinc homeostasis.15 Since 
aging is one of the most prominent risk factors of 
osteoporosis, the role of zinc in osteoporosis patho-
genesis as a supporter of segmental aging is likely to 
be meaningful.

There are some hints to suggest that these data 
translate into clinical issues. Zinc levels in the serum 
are one of several reliable means of assessing the zinc 
status in an individual. Both in animal models and in 
humans, low zinc intake and zinc deficiency have been 
reported to be associated with osteopenia and osteopo-
rosis and the incidence of fractures.16,17 Low levels of 
zinc (and magnesium) in the serum were associated 
with osteopenia and fracture risk.18,19 Mutation close to 
the zinc-binding domain of the MMP2 gene disrupted 
MMP2 activity in patients with the multicentric oste-
olysis and arthritis syndrome, which besides the oste-
olyses also displayed marked osteoporosis.

Thus robust data are in favor of zinc deficiency 
being a risk factor for skeletal impairment in develop-
ment and in adult life, although this has been chal-
lenged by recent data in rats consuming a marginally 
zinc deficient diet.20 It may, however, be even more 
stimulating to initiate research on such nutritional 
issues of worldwide relevance with respect to muscu-
loskeletal diseases.

11.2.2 � Selenium in Cell Biology and Bone

Selenium is a trace element, which is being incorpo-
rated into the 21st amino acid selenocysteine by a mul-
tistep procedure involving a panel of specific proteins 
and a 3¢ hairpin structure in the respective mRNA spe-
cies, the SECIS element. In the presence of the latter, 
the opal stop codon TGA encodes for selenocystein, 
which is incorporated into the growing polypeptide 
chain. Translation of selenoproteins is dependent on 
the presence of selenium, and deficiency creates trun-
cated proteins because of translational stop at the 
opal stop codon. Selenoproteins are involved in many 
essential processes of life; in several cases, knockout 
of the protein leads to intrauterine death. Selenoproteins 
are involved in hormone synthesis (thyroid hormones, 
deiodinases), reactive oxygen species balance (gluta-
thione peroxidases), sperm production, and fertility,2,21 
but not all selenoproteins have yet been functionally 

characterized. The human and the prokaryotic seleno-
proteomes have been identified, but not yet fully 
characterized.22

Selenoproteins are expressed in cells of mesodermal/
mesenchymal origin including mesenchymal stem cells 
and their offspring, which form bone, cartilage, tendons, 
and other mesenchymal tissues as well as in monocyte/
macrophage-derived osteoclasts.2,23,24 Selenium is known 
to modulate a specific form of osteoarthritis, the Kashin 
Beck disease.25 Selenium-deficient rats display osteope-
nia and calciuria.26 Despite many clinical and epidemio-
logical studies on “antioxidants” including selenium and 
others and their effects on bone loss and osteoporosis, 
no conclusive data have yet been delivered to establish a 
causal relationship between antioxidant activity and 
osteoporosis and to supplement the long list of etiologi-
cal factors in this respect.27–29

11.2.3 � Other Trace Elements and Bone

Of the numerous effects, either direct or indirect, of 
various trace elements on bone, some important ones 
are listed in Table 11.1. Iodine as an essential constitu-
ent of thyroid hormones is of course extremely relevant 
with respect to osteoporosis and fragility fractures in 
both hypo- and hyperthyroidism. Others like nickel 
and cobalt are more important with respect to implant 
allergies in joint endoprostheses. We have chosen the 
above discussed ones for their actuality and putative 
relevance and the reader might refer to the original lit-
erature as cited in a minireview of ours for additional 
information.30

11.3 � Calcium Deficiency as a Cause 
of Rickets in Nigeria: Is There a 
Role for Trace Elements?

Since more than three decades, there are reports about 
rickets in children in the regions of the world where peo-
ple sustain abundant sun light exposure, e.g., in Africa 
(Gambia and Nigeria) and in Asia (Bangladesh) (31–35;). 
Generally, there may be several factors influencing this 
disease, but a main causal factor seems to be calcium 
deficiency. Recent observations indicate that the inci-
dence of rickets in several regions of Nigeria is 
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increasing.32 More than 30% of children in the region of 
Kaduna in Nigeria suffer from rickets due to extremely low 
calcium intake (approximately 200 mg/day). However, 
in addition to calcium deficiency, other confounding fac-
tors such as genetics may contribute to the precipitation 
of the disease even though common polymorphisms of 
the vitamin D receptor gene do not seem to be signifi-
cantly associated with the affected vs. unaffected siblings 
(36 and our unpublished results). Geological circum-
stances certainly contribute very strongly to the incidence 
of rickets, since there are tribes and villages where peo-
ple are prone to rickets in comparably close vicinity to 
others which show considerably lower incidence. Heavy 
rainfall (>1,300 mm/year) may rapidly wash out calcium 
from the soil consisting of granitoid rocks with a high 
content of silicic acid. Very similar conditions might also 
lead to trace element deficiency, but this remains to be 
shown. The information about other minerals and trace 
elements in the soil and in nutrients in the regions with 
calcium deficient rickets is scarce, but our preliminary 
results indicate that not only calcium deficiency but also 

trace element deficiency (e.g., selenium deficiency) in 
soil and water might play a role and that the latter might 
interact  with respect to calcium balance and bone 
metabolism (Fig. 11.2).

11.4 � Trace Element Deficiencies 
and Interactions Between  
Minerals and Trace Elements

Geological interactions between minerals and trace 
elements and resulting geomedical problems are well 
recognized phenomena in veterinary medicine with 
respect to agriculture or grazing land and livestock 
reproduction and productivity.37,38 There is however, 
little or no scientific interest and clinical information 
in humans on geomedical problems in general, demin-
eralization processes in our organic and inorganic 
environment, and the interaction of minerals and trace 
elements in general, and even less with respect to 

Trace elements Recommended daily intake Relevance for bone Negative influences on bone

Iron 10–15 mg Unknown Secondary osteoporosis in  
hemochromatosis

Fluoride 3.1–3.8 mg Second line osteoporosis  
therapy

When overdosed, mechanically  
incompetent bone

Iodine 200 µg Thyroid hormones Fragility fractures in hyper-/ 
hypothyroidism

Cobalt 3 µg Implant surfaces, part of  
vitamin B12

Allergy, genomic toxicity

Copper 1–1.5 mg May be protective in estrogen  
deficiency, part of SOD1 and  
Cytochrome C

Developmental problems in  
deficiency

Lithium Unknown Influences wnt-signaling High fracture risk if discontinued  
in depression

Manganese 2–5 mg Enhances BMD in animals No known ones

Nickel 25–30 µg Implant surfaces Allergy, inhibits AP

Selenium 30–70 µg Antioxidative Osteopenia in deficiency

Vanadium Unknown Implants, stimulates osteoblast  
differentiation

Inhibition of mineralization in  
high doses

Zinc 7–10 mg Part of enzymes and TF,  
enhances AP

Enhanced senescence in deficiency,  
zinc finger and BTB domain containing  
40 gene (ZBTB40) locus associated 
with osteoporosis

Table. 11.1  Role of some trace elements in bone metabolism (according to Ebert et al30)
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calcium and phosphorus metabolism. Committees on 
nutrition problems around the world have been 
founded and both scientific and political activities are 
rising.39,40 However, due to our rapidly increasing 
knowledge and similarly rapidly changing environ-
mental circumstances, there is still a lot of work ahead 
to enhance the awareness and to broaden activities 
beyond the important and deserving great efforts on 
e.g., fortification of salt with iodine and sugar with 
vitamin A.

There are only few studies on the association of 
serum levels of trace elements with rickets, osteomala-
cia, osteopenia, and osteoporosis.19 Here the authors 
found low serum levels of magnesium and zinc, but not 
copper in patients with osteoporosis compared to con-
trols. Selenium-deficient rats show calciuria as dis-
cussed above.26 Hence, under conditions of extremely 
low calcium intake, additional selenium deficiency 
might impair natural calcium sparing mechanisms to 

optimize calcium balance. In case of critically affected 
regions as discussed above, for e.g., Nigeria, this may 
have considerable impact on not only musculoskeletal 
but also other diseases such as infections, growth, and 
development. It might be helpful to study such interac-
tions under these extreme conditions for both the criti-
cally affected and the rest of the world.
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Abbreviations

BMC	 Bone mineral content
BMD	 Bone mineral density
Ca	 Calcium
DXA	 Dual X-ray absorptiometry
FGF23	 Fibroblast growth factor 23
Npt2a	 Type 2a sodium-phosphate cotransporter
P	 Phosphorus
Pi	 Inorganic phosphorus
pQCT	 Peripheral computerized tomography
PTH	 Parathyroid hormone
S-B-ALP	� Serum bone-specific alkaline phosphatase 

activity, marker of bone formation
S-Ca	 Serum calcium concentration
S-ICTP	� Serum carboxy-terminal telopeptide of 

type I collagen concentration, marker of 
bone resorption

S-OC	� Serum osteocalcin concentration, marker 
of bone formation and bone turnover

S-P	 Serum Pi concentration
S-PICP	� Serum carboxy-terminal propeptide of 

type I collagen concentration, marker of 
bone formation

S-PTH	� Serum parathyroid hormone concentration
U-DPD	� Urinary deoxypyridinoline excretion, marker 

of bone resorption
U-NTX	� Urinary N-terminaltelopeptide of collagen 

type I excretion, marker of bone resorption
µCT	 Micro computerized tomography

(Npt2c)	 Type 2c sodium-phosphate cotransporter
1,25(OH)

2
D	 1,25-Dihydroxy-vitamin D

12.1 � Introduction

Dietary phosphorus intake, from natural sources and 
food additives, is high in many Western countries, 
whereas calcium intake may be low. Phosphorus is 
readily absorbed from the intestine and the main regu-
latory site is the kidney. Elevated serum phosphorus 
concentration increases S-PTH concentration, which in 
turn increases bone resorption. Animal studies have 
shown that high phosphorus intake is deleterious to the 
skeleton. Findings from human studies indicate that a 
high intake of phosphorus, especially in conjunction 
with low calcium intake, is harmful to the skeleton. 
More studies are still needed to confirm these findings.

12.2 � Phosphorus Homeostasis

Phosphorus (P) is one of the most abundant minerals in 
the human body. The total phosphorus content in a 70 kg 
man is approximately 700 g, 85% of it is in bone tissue 
and teeth mostly as hydroxyapatite, 14% is in soft tissues, 
and 1% in the extracellular space. Phosphorus as inorganic 
phosphate (Pi) has numerous roles in the biological pro-
cesses such as in cellular metabolism, in cell signaling, as 
coenzymes, in nucleotide metabolism, in energy metabo-
lism, in membrane function, and in bone mineralization.

Phosphorus homeostasis is mainly determined by 
the dietary intake, intestinal absorption, and renal tubu-
lar reabsorption of phosphorus. The main regulation of 
P homeostasis happens in the kidney, although the 
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movement of Pi from the extracellular fluid space into 
bone and into cells is also important in determining 
serum Pi (S-P) concentrations. Intestinal absorption of 
P is very efficient and about 60–80% is absorbed from 
bioavailable sources. The kidney filters Pi at the glom-
erulus, and reabsorbs a large percentage of filtered Pi 
in the proximal tubule. An increase in intestinal absorp-
tion of Pi results in an increase in renal Pi excretion, 
whereas a decreased absorption results in higher renal 
Pi reabsorption. The reabsorption in the kidneys is 
mediated by the type 2a sodium-phosphate cotrans-
porter (Npt2a) and the type 2c sodium-phosphate 
cotransporter (Npt2c) in the proximal tubular cells. 
PTH modulates the Npt2a in the apical membrane, but 
PTH does not play a role in regulating Npt2c expres-
sion. An increase in S-P increases the serum PTH con-
centration (S-PTH) which in turn decreases renal P 
reabsorption. Fibroblast growth factor 23 (FGF23) is a 
recently found regulator of Pi as well as vitamin D 
metabolism. It is synthesized in the osteocytes in 
response to hyperphosphatemia. FGF23 increases renal 
P excretion, through the downregulation of both Npt2a 
and Npt2c. Hence, FGF23 and PTH work in the same 
direction. In humans, dietary phosphorus supplementa-
tion increases S-FGF23, whereas phosphorus restric-
tion decreases S-FGF23 (for review see ref1).

Phosphorus homeostasis is closely linked to cal-
cium (Ca) metabolism, which is tightly regulated to 
maintain serum calcium (S-Ca) at adequate levels. The 
main regulators of calcium homeostasis are PTH and 
1,25(OH)

2
D. In response to a low S-Ca concentration, 

S-PTH increases, which results in an increased reab-
sorption of calcium in the kidney as well as a rise in 
bone resorption and release of Ca and P. Furthermore, 
PTH increases the production of 1,25(OH)

2
D in the 

kidney, which results in increased intestinal Ca and Pi 
absorption. All these events result in a higher serum 
calcium concentration, but S-Pi is not affected as PTH 
decreases the reabsorption of Pi.

Phosphorus and vitamin D metabolism are also closely 
related. Oral P increases serum concentrations of 
1,25(OH)

2
D (S-1,25(OH)

2
D) in humans.2 An elevated 

S-P stimulates the synthesis of 1,25(OH)
2
D in the kidney, 

whereas 1,25(OH)
2
D induces the release of P from bone 

during bone resorption and facilitates the intestinal absorp-
tion of P. Moreover, FGF23 inhibits the 1a-hydroxylase in 
the kidney and induces the expression of 24-hydroxylase, 
thus suppressing the synthesis of 1,25(OH)

2
D and increas-

ing that of 24,25-dihydroxy-vitamin D.3

12.3 � Parathyroid Hormone and Bone

PTH is secreted by the parathyroids and its main func-
tion is to regulate the level of S-Ca. PTH secretion is 
regulated primarily by S-Ca through the extracellular 
calcium receptor. Extracellular calcium is sensed at the 
surface of the parathyroid cell, and this leads to the 
suppression of PTH secretion. Low serum calcium 
results in an increase in S-PTH secretion. 1,25(OH)

2
D 

suppresses PTH secretion through the inhibition of the 
transcription of the PTH gene. Thus, both calcium and 
1,25(OH)

2
D suppress the expression of the PTH gene. 

Furthermore, both inhibit parathyroid cell prolifera-
tion. The relationship between serum calcium and PTH 
is a sigmoidal one, allowing a response in PTH at very 
small changes in S-Ca through the extracellular cal-
cium sensing receptor.

PTH has dual effects on bone; long-term continu-
ous exposure as seen in hyperparathyroidism enhances 
bone resorption, whereas intermittent treatment 
increases bone formation. In the calcium homeostasis 
context, PTH increases bone resorption, when S-Ca is 
low. In primary hyperparathyroidism, S-Ca is increased 
as a result of accelerated bone resorption. One of the 
main reasons for secondary hyperparathyroidism is 
vitamin D insufficiency or deficiency. The elevated 
S-PTH is a result of lower intestinal calcium absorp-
tion, and the increased S-PTH results in increased bone 
resorption. In contrast, when PTH is administered 
intermittently, it has an anabolic effect on bone: it 
stimulates bone formation and suppresses bone 
resorption.

12.4 � Serum Phosphorus Has Direct 
Effects on Parathyroid Hormone 
Secretion

The effect of S-P on PTH secretion has been thought to 
be mediated through changes in S-Ca. There are, nev-
ertheless, a number of studies showing a direct effect 
of P on PTH secretion independent of changes in serum 
calcium.

It has been shown in rat experiments that PTH 
secretion and gene expression is decreased by low 
phosphate levels4 and increased by high phosphate 
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levels.5 In vitro studies have demonstrated that high 
phosphate levels stimulate PTH secretion in rats.6 S-P 
acts directly on PTH secretion and gene expression in 
human parathyroid tissue in vitro.7 S-P seems to regu-
late the PTH secretion by promoting the stability of 
PTH mRNA.8 Recently, Martin et al9 studied the acute 
regulation of PTH by dietary phosphate in uremic rats 
in various experimental settings. Their findings indi-
cated that oral Pi increases PTH release in vivo rap-
idly; this response may be from S-P and an additional 
signal arising from the gastrointestinal tract.

12.5 � Does Phosphorus Have Direct 
Effects on Bone Cells?

Extracellular phosphorus has direct effects on both 
osteoclasts and osteoblasts besides those mediated 
through PTH, 1,25(OH)

2
D, and FGF23. High Pi con-

centration in culture media inhibits osteoclast forma-
tion and also bone resorption by mature osteoclasts,10 
and this seems to be mediated both by upregulating 
OPG expression and by direct action on osteoclast 
precursor cells.11 Moreover, an increase in extracellu-
lar Pi inhibits osteoclastic activity, at least in part, 
by  the direct induction of apoptosis of osteoclasts.11 
Increased extracellular Pi increased apoptosis on 
osteoblast-like cells.12 Extracellular Pi affects gene 
expression and cell viability in preosteoblasts and 
osteoblasts derived from human mesenchymal stem 
cells (Pekkinen et al, Effect of extracellular phosphate 
on mRNA expression in mesenchymal and osteoblas-
tic cells, Unpublished).

12.6 � Hypophosphatemia as a Result 
of Low Phosphorus Intake

Chronic Pi insufficiency results in impaired bone min-
eralization, rickets, and osteomalacia. The clinical con-
sequences besides the skeletal ones affect, for example, 
the nervous system, muscle tissue, and the kidney. Low 
dietary phosphorus intake is rare and intestinal absorp-
tion of phosphorus is very effective. Vitamin D defi-
ciency or resistance decreases phosphorus absorption. 

Renal regulation of Pi excretion is the most important 
step in P homeostasis and is very efficient. Thus hypo-
phosphatemia due to low intestinal absorption is rare, 
and it is only when P deprivation has continued for 
a  long time, i.e., diarrhea, that there is a risk for 
hypophosphatemia.

12.7 � Dietary Phosphorus Intake

The American daily dietary recommended intake for 
P13 is 700 mg for adults, whereas, it is 600 mg in the 
European Nordic Countries.14 In all Western countries, 
the phosphorus intake is high, often two- to threefold 
in comparison to the recommended intake. For the 
typical American diet, young and middle-aged men 
consume about 1,600  mg P/day, while aged women 
consume about 1,000 mg/day.15 The daily P intake in 
Finland is about 1,200 mg for women and 1,800 for 
men.16

Estimates of dietary phosphorus in food composi-
tion tables reflect mostly the natural phosphorus (NP) 
content of foods. A true estimate of the dietary content 
of phosphorus, however, requires consideration of two 
major sources – natural phosphorus and phosphorus 
added to foods during processing as food additives.

Meat, milk products, and grain products are high in 
phosphorus and contribute the largest amounts to the 
total dietary phosphorus intake in an average diet. The 
bioavailability of P differs among food sources. 
The  biological availability of the various forms of 
phosphorus in foods must be considered in assessing 
the phosphorus content of the diet. There is limited 
information relative to the availability of phosphorus 
in individual food items; however, some forms of 
organic phosphorus, such as phytin, are known to be 
incompletely hydrolyzed and absorbed. In contrast, 
inorganic phosphate salts such as those used in food 
processing are readily hydrolyzed in the gastrointesti-
nal tract. Hence, the contribution of phosphate food 
additives to the serum phosphorus pool is greater than 
their contribution to diet phosphorus.17

The use of food additives containing phosphorus in 
food industry is widespread. In 1990, phosphorus-con-
taining food additives contributed an estimated 470 mg/
day to the daily adult phosphorus intake in the United 
States.15 Estimation of phosphorus intakes is difficult 
because the amounts of phosphate additives used in 
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industrially prepared foods are not well known.15 In fact, 
depending on individual food choices, phosphorus intake 
could be increased by as much as 1,000 mg/day by simply 
increasing the percentage of processed foods in the diet.18

12.8 � High Phosphorus Intake 
and Health

Elevated Pi concentrations contribute significantly 
to  the pathogenesis of secondary hyperparathyroid
ism  seen in patients with chronic renal failure. The 
decreased renal excretion of P is obviously the reason 
for the increased S-P concentration, but it can be regu-
lated by decreased P intake. This results in renal osteo-
dystophy, ectopic calcification, and increased coronary 
and vascular disease risk. Vascular mineralization is an 
important complication in renal disease. Regulation of 
dietary P intake is a significant problem in the manage-
ment of renal disease.

During the last years, serum phosphorus concentra-
tions has gained interest in relation to cardiovascular 
disease in population studies. Dhinga et  al19 showed 
that S-P and S-Ca levels were related to the incidence 
of cardiovascular disease, and recently, S-P was found 
to be related to coronary atherosclerosis in young 
adults.20 The S-P levels were within the normal refer-
ence range in these studies. Consequently, a high P 
intake may play a role in the regulation of S-P in 
healthy subjects.

12.9 � Effect of High Phosphorus Intake 
on Skeletal Properties in Animal 
Studies

Long-term animal studies have shown that a high phos-
phorus intake has deleterious effects on the skeleton. 
For instance, in a 12 month and a 42 week study in 
dogs, a diet containing 1.2% P and 0.12% Ca resulted 
in lower skeletal ash content.21,22 We have recently stud-
ied the effect of increasing doses of P on the skeleton in 
30 1-month-old male rats in an 8-week study.23The rats 
were divided into three groups: one receiving normal 
rat feed (Ca:P ratio 1:1, control group), the second 
receiving twice as much P (Ca:P 1:2), and the third 

receiving thrice as much P(Ca:P 1:3) as the first group. 
At the beginning and the end of the study period, the 
right femurs were measured using DXA. Double label-
ing with tetracycline injection was performed 12 and 2 
days before death. After death, hind legs were cut loose. 
Left femurs were processed for histomorphometry. 
Right femurs were measured with pQCT. Mechanical 
testing was performed on the right femoral neck and 
tibial shaft. Six right tibias were analyzed with mCT. 
We found that high P intake impaired the growth of the 
animal, limited bone longitudinal growth, and restricted 
increase in femur BMC and BMD. Osteoclast number, 
osteoblast perimeter, and mineral apposition rate were 
increased, and trabecular area and width were decreased. 
P decreased femur midshaft total bone BMD, cortical 
bone BMD, and mean cortical thickness. High-
phosphate diet reduced femoral neck and tibial shaft 
ultimate strength and tibia stiffness and toughness. In 
addition, serum PTH increased. Thus, in conclusion, 
high dietary phosphate intake reduced growth, skeletal 
material, and structural properties and decreased bone 
strength in growing male rats. Moreover, adequate cal-
cium could not overcome this.

12.10 � Could a High Phosphorus Intake 
Be Harmful to the Skeleton 
in Healthy Subjects?

A diet high in phosphorus may evidently result in an 
increase in S-PTH secretion and affect bone metabo-
lism also in humans. Thus, in the long run, high dietary 
phosphorus intake could lead to secondary hyperpara-
thyroidism, increased bone resorption, and poorer bone 
quality, especially if the dietary calcium intake is inade
quate.

There are some early studies in which the effect of 
high P intake on PTH and bone markers has been stud-
ied for periods between 5 days and 8 weeks. Thirteen 
19–36 years old subjects (8 women, 5 men) received 
2 g of oral phosphate daily for 5 days.24 S-P rose by 
26% while S-Ca decreased. S-PTH concentrations 
increased by 50%. A persistent phosphaturia and a 69% 
fall in urinary calcium were observed. 1,25(OH)

2
D and 

urinary hydroxyproline excretion, a marker of bone 
resorption, did not change significantly. The S-OC rose 
by 41% by day 2 and remained elevated throughout the 
study period. S-OC has been considered to be a marker 
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of bone formation, but could also be considered a 
marker of bone turnover. Consequently, these results 
would indicate that P increased bone turnover. However, 
the authors interpreted the results to support the possi-
bility that brief periods of phosphate administration 
may be useful in the therapy of disorders associated 
with low bone turnover, such as osteoporosis.

Calvo et al25 studied if the high phosphorus, moder-
ately low calcium intake typical of U.S. teenagers and 
young adults alters parathyroid function. They studied 
8 men and 8 women, aged 18–25 years, after 8 days of 
ingesting a control diet that had calcium (820 mg) and 
phosphorus (930 mg) contents near the recommended 
daily intakes, and a test diet with calcium and phos-
phorus contents (1,660 mg phosphorus, 420 mg cal-
cium) typical of US intakes. Both the diets were based 
on common grocery store foods. The 24-h mean 
S-PTH levels increased in men by 11% and in women 
by 22% during the test diet. In both sexes, the test diet 
significantly increased S-P, plasma 1,25(OH)

2
D, and 

urinary hydroxyproline excretion. Thus, short-term 
ingestion of a diet with typical calcium and phospho-
rus intake resulted in elevated serum PTH levels, and 
changes in mineral metabolism in young adults. 
Furthermore, there was an increase in bone 
resorption.

To determine if the elevation in PTH levels and 
action persisted with chronic intake of the typical diet, 
Calvo et  al26 studied the 24-h mineral and hormone 
responses of fifteen 18–25-year-old women to either 
high P, low Ca, or basal diets. Each subject served as 
her own control, first consuming a basal diet (800 mg 
Ca, 900  mg P) for 28 days; 10 women were then 
switched to the high P, low Ca test diet (400 mg Ca, 
1,700 mg P) for 28 days, while the remaining 5 women 
in the control group continued eating the basal diet. On 
days 28 and 56, all subjects were studied for 24 h, with 
blood drawn every 4 h. S-PTH increased significantly 
(36%) after 4 weeks of consuming the test diet, whereas 
there was no change in the control group.

The studies by Calvo et al25,26 did not indeed show 
that it was high P per se that induced the effect on 
S-PTH. Their study diets were also low in Ca and the 
effect could have been due to the low Ca intake and 
could possibly be corrected by an increase in Ca intake. 
The fact, however, remains that their study diets were 
typical for a Western diet. Consequently, Barger-Lux 
and Heaney27 studied 28 healthy premenopausal women 
before and after manipulating Ca intake. None of the 

subjects had high-P diets. Women with low Ca intakes 
at entry were restricted to about 200 mg/day (low Ca), 
and those with higher self-selected intakes were sup-
plemented to about 2,800  mg/day (high Ca). After 
8  weeks, the low-Ca women had higher S-PTH and 
urine hydroxyproline excretion than the women on the 
high-Ca diet. Their findings showed that Ca restriction 
can evoke a persistent PTH response in the absence of 
a high P intake.

The effect of phosphate supplements on Ca homeo-
stasis and bone turnover was studied in men.28 The 
first part of the study was a randomized, controlled, 
cross-over trial of 1,000 mg/day P given for 1 week. 
Ten men (19–32 years) had a standard diet of about 
800 mg/day each of Ca and P, which was achieved by 
providing them with evening meals and instructions 
on what to eat during the day. Blood samples were 
taken 3 h after breakfast and 24-h urine was collected. 
The tablets were taken in divided doses over meals. 
They found an increase in S-PTH, but no effect on the 
bone markers, S-OC and U-NTX excretion. In the 
second part of the study, the subjects, 12 healthy men 
(19–38 years) were given 0, 1,000, 1,500, and 
2,000 mg/day phosphate, each given for 1 week, with 
a similar diet of 1,000 mg/day each of calcium and 
phosphate. Though there were differences in S-Ca 
and S-P between the highest and the lowest P diet, 
they did not find any difference in S-PTH or U-DPD 
secretion. The authors conclude that phosphate sup-
plementation of the diet did not affect bone turnover 
in young men. However, the study may have been 
underpowered to detect changes in the bone markers; 
the diet was not controlled and the blood samples 
were not taken after an overnight fast, which could 
increase the variation.

All the studies showed that increased or high P 
intake elevates S-PTH concentrations when calcium 
intake is low. Some studies also showed that bone 
turnover was increased, as indicated by changes in 
serum osteocalcin concentration, and some also an 
effect on bone resorption. However, the bone mark-
ers used in these investigations were not very spe-
cific and sensitive to be used in this type of studies. 
The bone markers have developed extremely during 
the last decades, they are more sensitive, and we 
have a better knowledge of what they reflect in bone 
metabolism. The power of the studies may have also 
been too low to detect differences in the bone 
markers.
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12.11 � Studies on the Acute Effect  
of a High Phosphorus Intake 
on the Skeleton in Humans

We have studied the effect of high P intake in con-
trolled short-term settings. Kärkkäinen and Lamberg-
Allardt29 studied the effects of a single oral Pi dose as 
well as those of three consecutive oral phosphate doses 
on calcium and bone metabolism. In the first part of 
the study (P1 study), 10 female volunteers were given 
orally 1,500 mg of Pi in water, as a single dose, or 
plain water in a randomized order at two different ses-
sions. In the second part of the study (P2 study), 10 
female volunteers were given orally 1,500 mg of Pi, as 
three separate 500 mg doses in water, or plain water in 
a randomized order. Calcium and bone metabolism 
was monitored for 24 h. The S-P increased, the S-iCa 
concentration declined significantly only in the P1 
study, the urinary calcium excretion decreased, and the 
S-PTH concentration rose during the phosphate ses-
sion as compared with the control session. Of the three 
markers of bone formation studied, S-PICP declined in 
the P1 study, and B-ALP activity declined in both parts 
of the study in after phosphate administration, whereas 
there was no significant change in S-OC in either of 
the studies. The markers of bone resorption, S-ICTP 
and U-DPD, were unaffected by the phosphate load in 

both the studies. In conclusion, acute ingestion of 
phosphate leads to an increase in S-P, a decrease in 
S-iCa, and an increase in intact PTH secretion. The 
results indicated that these events may lead to an acute 
inactivation of the early phases of bone formation. In 
this setting, there was no indication of enhanced bone 
resorption despite the increase in PTH secretion.

The effect of increasing doses of P was studied in 
another acute setting.30 We studied the short-term 
effects of four P doses on Ca and bone metabolism in 
14 healthy women, 20–28 years of age, who were ran-
domized to four controlled study days; thus each sub-
ject served as her own control. P supplement doses of 
0 (placebo), 250, 750, or 1,500 mg were taken, divided 
into three doses during the study day. The meals served 

Fig. 12.1  Effect of phosphorus doses on S-PTH concentration. 
Change in S-PTH during the study days: control day (open 
square), 250 mg P dose ( filled triangle), 750 mg P dose ( filled 
circle) and 1,500 mg P dose ( filled square).Values are means 
with their standard errors depicted by vertical bars. a: p < 0.05 
(by ANOVA, repeated measures design). b, c: Mean values were 
significantly different from those of the control day (by contrast 
analysis): b: p < 0.05; c: p < 0.001. Upward arrow: P administra-
tion times (Kemi et al30)

Fig.  12.2  Effect of phosphorus doses on bone markers (a), 
change in S-B-ALP activity during the study days (open square, 
control day; shaded open square 750 mg P dose; filled square, 
1,500 mg P dose). (b), The 24 h urinary excretion of N-terminal 
telopeptide of collagen type I corrected for creatinine excretion 
(U-NTx/U-Cr) during the study days. Values are means with 
their standard errors depicted by vertical bars. a: p < 0.05 (by 
ANOVA, repeated measures design). b: Mean value was signifi-
cantly different from that of the control day (by contrast analy-
sis): p < 0.05. BCE bone collagen equivalents (Kemi et al30)
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were exactly the same during each study day and pro-
vided 495 mg P and 250 mg Ca. The P doses affected 
the serum S-PTH in a dose-dependent manner 
(Fig. 12.1). There was a decrease in serum ionized Ca 
concentration only in the highest P dose. The marker 
of bone formation, B-ALP, decreased and the bone 
resorption marker U-NTX, increased in response to 
the P doses (Fig. 12.2). This controlled dose–response 
study showed that P has a dose-dependent effect on 
S-PTH and increases PTH secretion significantly when 
Ca intake is low. In conclusion, acutely high P intake 
adversely affects bone metabolism by decreasing bone 
formation and increasing bone resorption, as indicated 
by the bone metabolism markers.

Could an increase in calcium intake counteract the 
effects of increased phosphorus intake on the bone 
markers, that is, is the effect of P only due to a low 
calcium intake, as indicated by Barger-Lux and 
Heaney27? The effect of increasing doses of calcium on 
the markers of calcium and bone metabolism when the 
diet was high in S-P was studied in another acute 
study.31 Each of the twelve healthy female subjects 
aged 21–40 years attended three 24-h study sessions, 
which were randomized with regard to a Ca dose of 0 
(control day), 600, or 1,200  mg, and each subject 

served as her own control. The meals on each study 
day provided 1,850 mg P and 480 mg Ca. S-PTH con-
centration decreased (Fig. 12.3) and serum ionized Ca 
concentration increased with increasing Ca doses. The 
bone formation marker, S-B-ALP, did not differ sig-
nificantly between sessions (Fig. 12.4), indicating that 
Ca could not counteract the effect of P. By contrast,  
the bone resorption marker, U-NTX, decreased 
significantly with both Ca doses (Fig.  12.4). When 
P intake was above current recommendations, increased 
Ca intake was beneficial for bone, as indicated by 
decreased S-PTH concentration and the marker of 
bone resorption. However, not even a high-Ca intake 

Fig.  12.3  Effect of calcium doses on S-PTH concentration. 
Change in S-PTH during experiment days: control day (Ca 
intake 480 mg/day, open square), 600 mg Ca dose (Ca intake 
1,080 mg/day, filled triangle) and 1,200 mg Ca dose (Ca intake 
1,680 mg/day, filled square). Values are means with their stan-
dard errors indicated by vertical bars. a: p < 0.05 by ANOVA, 
repeated measure design. Mean values were significantly differ-
ent from those of the control day (by contrast analysis): b: p < 0.05. 
Upward arrow: Ca administration times (Kemi et al31)

Fig. 12.4  Effect of calcium doses on bone markers. Change in 
S-B-ALP activity from morning fasting values (a) and the 24-h 
urinary excretion of N-terminal telopeptide of collagen type I 
corrected for creatinine excretion (NTx:Cr) (b) during experi-
ment days: control day (open square), 600 mg Ca dose (shaded 
open square) and 1,200 mg Ca dose (filled square). Values are 
means with their standard errors indicated by vertical bars. 
a: p < 0.05 by ANOVA, repeated measure design. Mean values 
were significantly different from those of the control day (by 
contrast analysis), b: p < 0.05. BCE bone collagen equivalents 
(Kemi et al31)
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could change the effect of P intake on the bone forma-
tion marker.

In the above-mentioned studies, the effect of P was 
studied using phosphate salts. Karp et al32 focused on 
the effect of different P-containing foods ( meat, cere-
als, cheese) on the markers of calcium and bone metab-
olism in a similar setting. Sixteen healthy women aged 
20–30 years were randomized to five controlled 24-h 
study sessions, each subject serving as her own control. 
At the control session, calcium intake was about 250 mg 
and phosphorus intake about 500 mg. During the other 
four sessions, phosphorus intake was about 1,500, 
1,000  mg of which was obtained from meat, cheese, 
whole grains, or a phosphate supplement, respectively. 
The foods served were exactly the same during the 
phosphorus sessions and the control session; only phos-
phorus sources varied. Only the phosphate supplement 
increased S-PTH concentration compared with the 
control session. Relative to the control session, meat 
increased the markers of both bone formation and bone 
resorption. Cheese decreased S-PTH and bone resorp-
tion due to the high-Ca content of cheese. These data 
suggest that the metabolic response differ among 
P-containing foods.

12.12 � Habitual P Intake and Calcium 
and Bone Metabolism

The effect of habitual phosphorus intake on S-PTH 
was studied in a cross-sectional study.33 The objective 
of the study was to investigate whether NP and food 
additive containing foods (AP) in habitual diets differ 
in their effects on the markers of calcium metabolism. 
One hundred and forty women were studied. P intake 
was estimated based on 4 day food diaries. S-PTH 
was measured from serum samples, which were col-
lected in the morning after an overnight fast. The 
authors focused on the consumption of milk and 
cheese as natural P sources and cheese containing 
food additives (e.g., spreadable cheese) as sources of 
food additives. The subjects were divided into groups 
according to their NP- and AP-containing food con-
sumption and into quartiles according to their total P 
intake. Higher habitual total dietary P intakes were 
associated with higher mean S-PTH and lower mean 
S-iCa concentrations. We observed in the habitual 
diets of a randomly selected subgroup of women that 

AP might affect bone more negatively than other P 
sources, as indicated by higher mean S-PTH concen-
trations among participants consuming AP-containing 
foods. The effects of NP from milk and cheese, 
excluding processed cheese, on S-PTH were the oppo-
site of those of AP-containing foods, probably due 
to  a higher Ca content in these foods. This may be 
important as the consumption of processed foods has 
increased during the last decades, which in turn has 
increased P intake from AP. The intakes of AP and 
total P have been shown to rise due to the increasing 
consumption of fast, snack, and convenience foods. 
High dietary P intake may no longer be a problem 
only in patients with impaired renal function, but it 
may also affect healthy individuals whose diet con-
tains excessive P derived from AP. As the foods we 
examined represent only one type of NP and AP 
sources, the effects of other foods, e.g., meat or baked 
products, might be different, because dairy products 
are the only foodstuffs containing large amounts of 
both P and Ca.

12.13 � Is the Dietary Calcium/Phosphorus 
Ratio Important?

The imbalance between phosphorus intake and cal-
cium intake results in a low Ca:P ratio in many Western 
communities. The overall trend in food consumption 
in Europe34,35 as well as in the USA15,36 is to drink less 
milk and more phosphoric acid-containing soft drinks. 
In fact, it was reported that consumption of cola bever-
ages may predict a higher risk of fracture in girls37 and 
result in the development of higher S-PTH concentra-
tion and hypocalcaemia in postmenopausal women.38 
These types of dietary habits may lead to lower dietary 
Ca:P ratios that were recently observed in many coun-
tries.16,39–41 Furthermore, recent evidence from Poland 
revealed that for 10% of young girls and boys, the 
dietary Ca:P ratio was lower than 0.25.40 These results 
support the previous findings among young women in 
the USA.26 The recommended optimal Ca:P ratio in 
the diet is 1.0 on a molar basis,16,28 which corresponds 
to 1.3 on a mg basis. Criticism42 was raised against the 
American dietary reference intakes.13 The report 
excluded several studies whose results supported the 
importance of the role played by the dietary Ca:P ratio 
in bone health.
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The effect of different Ca:P ratios has not gained 
much attention and has not been studied to a larger 
extent. Ca:P ratio only reflects the balance between Ca 
and P intakes regardless of what the absolute intakes 
are. Kemi et al43 focused on the effect of low Ca:P in 
habitual diets on S-PTH and other markers of calcium 
metabolism in healthy women with adequate calcium 
intake. In this cross-sectional analysis of 147 healthy 
women aged 31–43 years, fasting blood samples and 
three separate 24-h urinary samples were collected. 
Participants kept a 4-day food record and were divided 
into quartiles according to their dietary Ca:P ratios. 
The first quartile with Ca:P molar ratio £0.50 differed 
significantly from the second (Ca:P molar ratio 0.51–
0.57), third (Ca:P molar ratio 0.58–0.64), and fourth 
(Ca:P molar ratio ³0.65) quartiles by interfering with 
Ca metabolism. It is noteworthy that dietary Ca intake 
among our participants was mostly adequate or high 
(mean Ca intake 1,056  mg/day). Even in the first 
quartile, the mean Ca intake was nearly 750 mg/day. 
This intake reflects the high dairy product consump-
tion of the participants. Nevertheless, none of the par-
ticipants achieved the suggested Ca:P molar ratio of 1 
in their diets. This is mainly due to the excessive P 
content in their habitual diets, rather than low dietary 
Ca intake. In the first quartile, mean S-PTH concentra-
tion and mean urinary Ca (U-Ca) excretion were higher 
than in all other quartiles. The higher 24-h U-Ca excre-
tion in the first quartile was unexpected, since the mean 
dietary Ca intake and Ca:P ratio in the first quartile 
were the lowest and the mean S-PTH concentration in 
this quartile was the highest, and thus a low U-Ca 
would be expected. In normal physiological condi-
tions, elevated S-PTH leads to decreased U-Ca excre-
tion. In primary hyperparathyroidism, an increase in 
U-Ca excretion is, however, often seen. The U-Ca find-
ing suggests that low dietary Ca:P ratios in habitual 
diets somehow interfere with Ca homeostasis. An 
increase in S-PTH due to a low Ca:P ratio would be 
expected to increase bone resorption, and some of 
the extra Ca, which has been released from bone, to 
be  excreted in urine. Elevated U-Ca excretion might 
therefore reflect an increase in bone resorption. Unfor
tunately, we were not able to measure the bone mark-
ers. Because low habitual dietary Ca:P ratios are 
common in Western diets, more attention should be 
focused on decreasing excessively high dietary P 
intake and increasing low Ca intakes to the recom-
mended level.

12.14 � Conclusions

Does high phosphorus intake have harmful effects on 
bone? The results from animal studies point in that 
direction. Human studies have also shown that a high 
dietary phosphate intake has negative effects on bone; 
it increases S-PTH and bone resorption. Most human 
studies have been performed using high P and low Ca 
diets. Low Ca may indeed have the same effects on 
S-PTH as high P. However, the animal studies have 
been done with normal Ca intakes, and some human 
studies have shown that high-Ca intake does not coun-
teract the effect of P on bone completely. The Ca:P 
ratio is low in most Western diets. Increasing the Ca:P 
ratio when P intake is already high could bring the Ca 
intake to levels much higher than the recommended 
dietary intake. The intake of P is increasing due to the 
use of food additives. The bioavailability of Pi from 
these is much more effective than that from natural 
sources, which make them more harmful. No definite 
conclusions can be made on the effect of high P on the 
skeleton at this stage. More studies are needed address-
ing the effect of high P and low Ca:P ratio from both 
natural and artificial sources on skeletal variables and 
fractures in population-based as well as controlled 
long-term intervention studies.
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13.1 � Introduction

Vitamin D deficiency in older people has been 
recognized as an important factor influencing skeletal 
integrity. This is because it induces secondary hyper
parathyroidism which in turn promotes an increase in 
bone remodeling rate and bone loss.1,2 However, we 
have previously shown that vitamin D status of older 
people in China is very low in winter (40–50% 
<25  nmol 25-hydroxyvitamin D (25(OH)D)/L), and 
plasma parathyroid hormone (PTH) is elevated, but 
the  incidence of osteoporotic fracture is low in this 
population.3–6 Resistance to the bone resorbing effects 
and racial differences in PTH dynamics have been 
reported.7 We therefore explored ethnic differences in 
bone and mineral metabolism as challenged by 5 days 
of oral phosphate (P) loading to stimulate PTH secre-
tion in older British, Chinese, and Gambian adults in 
summer and winter.8 In summary, ethnic differences in 
bone and mineral metabolism were found, in particular, 
in the rate of renal clearance of phosphate, which was 
more rapid in the Chinese subjects than in their British 
and Gambian counterparts. No evidence was found for 
resistance to the resorbing effects of PTH. Seasonal 
differences in vitamin D status and bone and mineral 
metabolisms as challenged by P-loading were found 
only in the Chinese subjects and are reported here.

13.2 � Methods

13.2.1 � Subjects

The study was conducted at Shenyang Medical College, 
Shenyang, China. Thirty healthy adults (15 men, 15 
women) aged 60–75 years were recruited. Exclusion 
criteria were any pathological disorder or medication 
known to affect mineral or bone metabolism. All the 
subjects were ambulatory with normal renal function 
(fasting plasma creatinine <115 mmol/L). To allow for 
the possible effects of season, subjects were studied 
once in February–April and once in July–September. 
Two subjects (1 male, 1 female) were not available 
in  the summer. Ethical approval was given by the 
Academic Committee of Shenyang Medical College. 
Informed written consent was obtained from all the 
subjects.

13.2.2 � PTH Stimulation Test

Subjects took a 1 g dose of elemental P (Phosphate-
Sandoz, HK Pharma, UK) dissolved in 200 mL water, 
twice daily (0700–0900 and 1,900–2,100 h) for 5 con-
secutive days. The stimulation test was preceded within 
5 days by a control day in which only 200 mL water 
was given (day 0). On days 0, 1, 4, and 5, subjects 
attended the research center between 0700 and 0900 h 
after an overnight fast. Blood and urine samples were 
collected on arrival (0 h) and 2 hours (2 h) after con-
suming the water or morning P dose. Subjects remained 
sedentary during the 2 h and drank 500 mL water to 
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standardize the fluid intake, but no other food or liquid 
was consumed. Subjects were requested to keep to 
their usual diet the week before and during each stimu-
lation test.

13.2.3 � Sample Collections 
and Laboratory Analyses

Blood samples were collected into tubes containing 
EDTA or lithium-heparin. Blood ionized Ca (iCa) was 
measured (ABL77, Radiometer Medical, USA) within 
10 min. Plasma was separated from cells within 30 min 
in a refrigerated centrifuge, and stored at −80°C. Urine 
samples were collected immediately after blood collec-
tion. Acidified (HCl, 10  mL/L) and nonacidified ali-
quots were stored at −20°C. Plasma P and urinary P and 
creatinine (uP and uCr) were measured by colorimetric 
methods (7170A Hitachi automatic analyzer, Japan). 
Within and between-assay coefficients of variation 
(CV) were <2.0 and <4.0% respectively. PTH, osteocal-
cin (OC), and C-telopeptide of type 1 collagen (CTX) 
were measured on an automatic analyzer (Elecsys 2010, 
Roche Diagnostics, USA). Between-assay CVs were 
4.7, 3.1, and 4.3% respectively. Plasma 25-OHD and 
1,25-dihydroxyvitamin D (1,25 (OH)

2
D) were mea-

sured by radioimmunoassay (DiaSorin, Stillwater, MN 
and IDS, Tyne and Wear, UK respectively). Within and 
between-assay CV were 4.1 and 6.1% for 25-OHD, and 
7.5 and 9.0% for 1,25(OH)

2
D. Concentration of uP was 

expressed as a ratio relative to urinary Cr (uP/Cr).

13.2.4 � Data-Handling and Analysis

Statistical analysis was performed using the Linear 
Model facility in Data Desk 6.1.1 (Data Description, 
Ithaca, NY). To permit the exploration of proportion 
relationships, variables were converted to natural loga-
rithms whereby differences × 100 correspond closely 
to percentage differences [(difference/mean) × 100].9 
All percent differences presented were obtained this 
way. The change by 2 h (%) was defined as the change 
in a variable from 0 (before P dose) to 2 h after, on the 
same day. The response on day 0 was used to control 
for any change that was independent of the effect of 

administered P. Change by day 5 (%) was defined as 
the difference in fasting values between baseline (mean 
of 0 h on days 0 and 1) and 0 h on day 5. The signifi-
cance of change from baseline by 2 h and day 5 and 
seasonal differences in these changes were examined 
by Student’s paired t-test. Because there was no sig-
nificant season-gender interaction, data were pooled 
for men and women. p Values £0.05 were considered 
significant.

13.3 � Results

Baseline mean (± SE) 25-OHD (nmol/L) was lower in 
winter (33.2 ± 2.5) than in summer (58.8 ± 2.9, p < 0.01), 
but there was no significant seasonal difference in 
1,25(OH)

2
D (pmol/L), (108.2 in winter and 118.3 in 

summer).

13.3.1 � Change by 2 h Post P-Loading

On all measurement days in winter, significant increases 
were found in P (34, 31, 34% on day 1, 4, and 5, respec-
tively), PTH (29, 20, 17%), OC (10, 12, 9%), and CTX 
(9, 12, 15%). There was a significant decrease in the 
plasma concentration of iCa (3, 3, 2%) on all days and 
1,25 (OH)

2
D (9, 11, 5%) on day 1 and 5.

In summer, 2 h changes in P (+14, +5, +12% on day 
1, 4, and 5, respectively), PTH (+6, +7, +13%), OC 
(+5, +5, +1%), CTX (0, +1, +4%), iCa (0% on all 
days), and 1,25 (OH)

2
D (−0, +4, +1%) were nonsig-

nificant, but were in the same direction as in winter, 
except for 1,25 (OH)

2
D. The % change in uP/Cr in 

winter (116, 69, 65%) and summer (87, 50, 57%) were 
significant on all measurement days. There were sig-
nificant seasonal differences in the 2-h percentage 
change for all analytes, except for uP/Cr.

13.3.2 � Change by 5 Days

The 5-day change from baseline (fasting) was nonsig-
nificant for P, iCa, and OC in both the seasons. uP/Cr 
increased significantly in winter (92%) and summer 
(70%), and CTX (12 and 19%, respectively) and 1,25 
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(OH)
2
D (25 and 20%) decreased in both the seasons. 

PTH increased significantly only in winter (22%). The 
% change in winter was significantly greater than in 
summer for uP/Cr and PTH (p < 0.05), but there were no 
seasonal differences for P, iCa, OC, and 1,25 (OH)

2
D.

13.4 � Discussion and Conclusion

As expected, oral P-loading induced perturbations in 
Ca and P homeostasis, consequently inducing changes 
in PTH secretion and bone metabolism. Although the 
pattern of change was similar for all analytes except 
1,25 (OH)

2
D, greater changes were found in winter 

than in summer, especially at 2  h after P-loading. 
Vitamin D status was significantly lower in winter than 
in summer evidenced by the lower plasma concentra-
tion of 25-OHD. These findings suggest that vitamin D 
status may modulate the hormonal response to main-
tain normo-calcaemia after P loading. The long-term 
implications of seasonal differences in vitamin D sta-
tus for bone health in this and other populations should 
be further investigated.
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14.1 � Introduction

Diabetes mellitus (DM) is an emerging health problem 
for industrialized societies with substantial morbidity 
and mortality and an established risk factor for osteo-
porosis and fragility fractures.1 The skeletal alterations 
in patients with DM are due to insulin deficiency or 
resistance and hyperglycemia, alterations of the bone 
marrow microenvironment and bone matrix quality, 
and impaired neuromuscular–skeletal interactions.2,3

A large prospective analysis of 32,089 postmeno-
pausal women in the Iowa Women’s Health Study 
revealed that women with type 1 diabetes mellitus 
(T1DM) had a 12-times higher risk of having self-
reported hip fractures than women without T1DM.4 Of 
note, women with type 2 diabetes mellitus (T2DM) 
also displayed a 1.7-fold higher risk for reporting hip 
fractures compared to women without T2DM.4 The 
higher incidence of falls due to long-standing T2DM 
was viewed as a potential explanation for the higher 
fracture risk in T2DM despite the higher bone mineral 
density (BMD).1

In this chapter, we review the risk factors that are 
associated with low BMD and osteoporotic fractures 
in patients with DM, discuss the principal mechanisms, 
and provide recommendations regarding prevention 
and management.

14.2 � Osteoporosis in Type 1 Diabetes 
Mellitus

14.2.1 � Major Findings

The skeletal findings in T1DM depend upon the age of 
the patients and the duration of the disease. Two small 
studies of children with T1DM showed decreased 
BMD values with Z scores of −1.1 and −0.4 in the 
lumbar spine, respectively.5,6 However, two large pedi-
atric studies7,8 have shown no adverse effect of T1DM 
on BMD and no correlation between BMD and the 
duration of disease or glycemic control. In young 
adults with stable T1DM, most studies point towards a 
negative effect of T1DM on BMD. Two studies of 
patients in their forties with long-standing T1DM (20–
33 years) detected no significant BMD differences at 
the spine and the hip9 or the distal radius.10 Other stud-
ies of patients with T1DM demonstrated lower BMD 
values at the lumbar spine11,12 and femoral neck.11–14 
Interestingly, most studies reported no association 
between BMD and glycemic control.

14.2.2 � Predictors of Poor Bone Health

The presence and severity of diabetic complications 
such as retinopathy,15–17 peripheral neuropathy,18 neph-
ropathy,16,19,20 and peripheral vascular disease21 rather 
than long duration predict low BMD in patients with 
T1DM. Retinopathy of diabetes mellitus per se as well 
as peripheral neuropathy may impair bone health 
through reduced mobility and an increased propensity 
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of falls. Male gender is a risk factor for low BMD in 
T1DM, as no women, but 14% of men with T1DM had 
osteoporosis.12 Oral contraceptives were positively 
correlated with the BMD at the spine,21 whereas ciga-
rette smoking was associated with lower BMD in 
either gender with T1DM.16

14.2.3 � Pathogenesis

Lack of the bone-anabolic factor insulin has long been 
implicated in the development of low BMD and osteo-
porotic fractures.22 Because T1DM frequently devel-
ops in young people, it is likely that it impairs bone 
accrual and final peak bone mass. This is supported by 
an animal model of streptozotocin-induced diabetic 
mice.23 In this context, intensive insulin therapy had a 
favorable effect on bone metabolism over the course 
of 7 years as compared to conventional insulin ther-
apy.17 Of interest, amylin is another osteotropic pep-
tide produced by pancreatic b cells which when 
administered to a rat model of T1DM maintained bone 
mass, inhibited biochemical markers of bone resorp-
tion, and elevated those of bone formation.24

14.2.4 � Therapeutic Implications

T1DM is a risk factor for osteoporotic fractures.4 A 
detailed history and physical examination is aimed at 
identifying concurrent diseases, low body weight, mal-
nutrition, and lactose intolerance, and, in particular, the 
extent of retinopathy, neuropathy, nephropathy, and vas-
cular disease. In addition, the risk of falls and fall-pro-
voking circumstances (impaired vision; unstable joints; 
medications such as sedatives, impaired before vision 
opiates, or antidepressants) should be evaluated and opti-
mized. BMD should be assessed at the lumbar spine and 
the hip using DXA, especially in men who carry an 
increased risk for osteoporosis.9,12 A healthy life style 
with increased physical activity and cessation of cigarette 
smoking16 should be encouraged. Oral contraceptives are 
protective for bone health in women with T1DM.21

14.3 � Osteoporosis in Type 2 Diabetes 
Mellitus

14.3.1 � Major Findings

Based on DXA and fracture data, the Rotterdam study 
which included 792 elderly patients with T2DM and 
5,863 nondiabetic controls indicated that the presence 
of T2DM on treatment was associated with a 1.3-fold 
higher fracture risk, although BMD at the femoral neck 
and the lumbar spine was higher.25 Increased BMD val-
ues in T2DM were confirmed by other investigators 
who reported a 4–5% higher BMD at the hip of 566 
patients (243 women, 323 men)26 and 11 and 8% higher 
BMD values at the femoral neck and the spine, respec-
tively, in an all-female cohort27 compared to healthy 
controls. Gender differences may play an important 
role, as spinal BMD was 8% lower in men with T2DM 
and normal renal function compared to nondiabetic 
controls, but no such differences were found in women 
with T2DM,28 indicating that men are particularly at 
risk of diabetic osteopenia. Confirmatory findings come 
from a recent Austrian bone ultrasound study compar-
ing elderly nursing home patients with T2DM with 
nondiabetic controls.29 Adjusted for various confound-
ers, calcaneal stiffness scores as well as radial and pha-
langeal speed of sound scores were higher in diabetic 
as compared to nondiabetic patients. Longitudinal anal-
ysis of these subjects for 2 years showed that hip frac-
ture and nonvertebral fracture rates were comparable 
between the two groups, suggesting that patients with 
T2DM do not benefit from the higher BMD, possibly 
because of the increased risk of falls.29

14.3.2 � Predictors of Poor Bone Health

According to most studies, obesity confers relative 
protection against bone loss with positive correlations 
between BMD and BMI in patients with T2DM10,28 and 
a negative association between BMI and the presence 
of osteoporosis in patients with T2DM.30 Since both 
weight-bearing and nonweight-bearing skeletal sites 
have a higher BMD with increasing BMI, these changes 
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cannot be explained by mechanical loading as a result 
of higher body weight. Instead, adipocyte-derived 
cytokines or “adipokines” such as leptin, resistin, and 
adiponectin may mediate enhanced BMD of obesity as 
discussed below.

Postmenopausal women with T2DM (n = 1,682) 
from the Iowa Women’s Health Study, while having a 
higher BMI and, thus, presumably a higher mean BMD, 
had a 1.7-fold higher risk for self-reported hip fractures 
than nondiabetic women (n = 30,377).4 These findings 
were essentially confirmed by the Rotterdam study that 
patients with T2DM have an increased fracture risk 
despite a higher BMD.25 After adjustment for multiple 
confounders, including the frequency of falls, the rela-
tive risk for nonvertebral fractures was 1.33, for hip 
fractures 1.34, and for wrist fractures 1.40 in patients 
with T2DM compared to nondiabetic individuals.25 
Thus, factors other than BMD and the propensity to 
falls affect fracture risk.

In the prospective questionnaire-based Study of 
Osteoporotic Fractures (n = 9,249 women), 629 women 
(6.8%) had diabetes (530 noninsulin-treated diabetes 
and 99 insulin-treated DM).31 Interestingly, women 
with DM on insulin treatment had the highest inci-
dence of falls (age adjusted odds ratio: 2.78), while 
those without insulin treatment had an incidence of 
falls (age adjusted odds ratio: 1.68) that was between 
the insulin treatment group and the nondiabetic group. 
Most likely, hypoglycemic episodes under insulin 
therapy may have contributed to the increased risk for 
falls or insulin therapy was initiated because DM was 
more severe. Risk factors for self-reported falls in 
patients with T2DM include advanced age, peripheral 
neuropathy, impaired balance, and a history of coro-
nary heart disease or arthritis.31

14.3.3 � Pathogenesis

The hallmarks of T2DM include peripheral insulin 
resistance with a variable degree of hyperinsulinemia 
and impaired insulin secretion following metabolic 
challenge by glucose. Chronic hyperglycemia has sev-
eral adverse effects on bone metabolism. One in vitro 
study demonstrated that glucose dose-dependently 

enhanced the activity of avian osteoclasts.32 Moreover, 
hyperglycemia may promote the accumulation of non-
enzymatic glycosylation of various bone matrix pro-
teins such as type I collagen, thus contributing to 
impaired bone quality.33 Rats which spontaneously 
developed diabetes (WBN/Kob rat) accumulated gly-
cation-induced nonenzymatic cross-links (pentosidine) 
with disease progression in their bones, while the 
amount of enzymatic cross-links, including pyridino-
line and deoxypyridinoline decreased.34 Importantly, a 
high skeletal content of pentosidine rendered the bones 
biomechanically less competent on three-point bend-
ing compared to nondiabetic controls despite similar 
BMD values,34 indicating that nonenzymatic glycosy-
lation may impair bone quality (Fig. 14.1).

Other indirect skeletal complications of hypergly-
cemia include hypercalciuria due to glycosuria and 
alterations of the PTH/vitamin D system. Improvement 
of glycemic control in 78 poorly controlled patients 
with T2DM reduced urinary excretion of calcium and 
phosphate as well as serum 1,25(OH)

2
D

3
 levels and 

increased serum phosphate levels, but had no effect on 
serum calcium or PTH levels.35

Of note, area under the glucose curve during oral 
glucose tolerance testing and total insulin concentra-
tions were inversely correlated with the serum concen-
tration of 25-hydroxyvitamin D

3
 in patients with 

T2DM, of whom one third were 25-hydroxyvitamin 
D

3
 depleted.36 Two studies indicated that serum levels 

of leptin37 and that of adiponectin38 are positively and 
negatively correlated with BMD, respectively.

14.3.4 � Therapeutic Implications

While patients with T2DM were included in most osteo-
porosis treatment studies, specific evidence-based rec-
ommendations are not available for the prevention and 
treatment of osteoporosis in T2DM. BMD-based osteo-
porotic fracture risk may be underestimated in patients 
with T2DM because bone quality may be impaired and 
the risk of falls is higher. As a general recommendation, 
adequate glycemic control delays vascular complica-
tions and may limit the degree of nonenzymatic glycosy-
lation of collagen, a determinant of poor bone quality.
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The risk and frequency of falls, the degree of frailty, 
and the presence of established risk factors for falls 
(impaired balance, coronary heart disease, peripheral 
neuropathy)31 should be assessed. An individualized 
approach to reduce the risk of falls and fractures 
should combine some or all of the following compo-
nents: regular exercise program to improve muscle 
strength, balance, and proprioception, withdrawal of 
psychotropic medications, visual assessment, profes-
sional environmental hazard assessment and modi
fication, and the use of hip protectors.39 Adequate 
vitamin D and calcium supplementation reduced the 
risk of falls by 49% in elderly nondiabetic women.40 
This has not been shown in patients with T2DM. The 
insulin sensitizers thiazolidinediones should not be 
used in patients with T2DM and a high risk of, or 
established osteoporosis.41

14.4 � Summary

Both DM and osteoporosis are pandemic diseases with 
an increasing prevalence in the future. Patients with 
T1DM are a high-risk population for osteoporotic frac-
tures. Apart from the short period of insulin deficiency 
which is associated with impaired bone formation, dia-
betic complications such as peripheral neuropathy, neph-
ropathy, and peripheral vascular disease are predictors of 
osteoporotic fractures. Thus, prevention and treatment of 

these complications by intensive insulin therapy, screen-
ing for low BMD, and a high index of suspicion is rec-
ommended in patients with T1DM.

Despite higher mean BMD values, patients with 
T2DM have an increased fracture risk which is only 
partially attributable to an increased risk of falls. This 
suggests that normal BMD values may be misleading. 
As in T1DM, adequate glycemic control as well as 
early detection and treatment of diabetic complications 
are meaningful recommendations to protect skeletal 
health in patients with T2DM. A comprehensive and 
individualized practical approach combining regular 
exercise, vitamin D supplementation, critical review, 
concurrent medications, visual assessment, environ-
mental hazard assessment, and the use of hip protectors 
may be useful to reduce the risk of osteoporotic frac-
tures. Thiazolidinediones should be avoided in patients 
with T2DM and osteoporosis, while bisphosphonates 
appear to be efficacious and safe drugs in T2DM.
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15.1 � Introduction

Vitamin D modulates fracture risk in two ways: by 
decreasing falls and increasing bone density. Two 2009 
metaanalyses of double-blind randomized controlled 
trials came to the conclusion that vitamin D reduces 
the risk of falls by 19%, the risk of hip fracture by 
18%, and the risk of any nonvertebral fracture by 20%; 
however, this benefit was dose-dependent. Fall preven-
tion was only observed in trial of at least 700 IU vita-
min D per day, and fracture prevention required a 
received dose (treatment dose*adherence) of more 
than 400 IU vitamin D per day. Antifall efficacy started 
with achieved 25-hydroxyvitamin D levels of at least 
60 nmol/L (24 ng/mL) and antifracture efficacy started 
with achieved 25-hydroxyvitamin D levels of at least 
75 nmol/L (30 ng/mL) and both end points improved 
further with higher achieved 25-hydroxyvitamin D 
levels.

Based on these evidence-based data derived from 
the general older population, vitamin D supplementa-
tion should be at least 700–1,000  IU/day and taken 
with good adherence to cover the needs for both fall 
and fracture prevention. Ideally, the target range for 
25-hydroxyvitamin D should be at least 75  nmol/L, 
which may need more than 700–1,000 IU vitamin D in 
individuals with severe vitamin D deficiency or those 
overweight.

15.1.1 � Target Both Muscle and Bone

Critical for the understanding and prevention of frac-
tures, especially at older age, is their close relationship 
with muscle weakness1 and falling.2,3 Over 90% of frac-
tures occur after a fall, and fall rates increase with age4 
and poor muscle strength or function.4 Mechanistically, 
the circumstances5 and the direction6 of a fall determine 
the type of fracture, whereas bone density and factors 
that attenuate a fall, such as better strength or better 
padding, critically determine whether a fracture will 
take place when the person lands on a certain bone.7 
Moreover, falling may affect bone density through 
increased immobility from self-restriction of activities.8 
It is well known that falls may lead to psychological 
trauma known as fear of falling.9 After their first fall, 
about 30% of people develop fear of falling resulting in 
self-restriction of activities and decreased quality of 
life.8

Notably, bisphosphonate treatment alone may not 
reduce fractures among individuals of 80 years of age 
and older in the presence of nonskeletal risk factors for 
fractures, such as muscle weakness and falling, despite 
an improvement in bone metabolism.10

15.1.2 � Vitamin D: Its Role  
in Muscle Health

In humans, four lines of evidence support a role of 
vitamin D in muscle health. First, proximal muscle 
weakness is a prominent feature of the clinical syn-
drome of vitamin D deficiency.11 Vitamin D deficiency 
myopathy includes proximal muscle weakness, diffuse 
muscle pain, and gait impairments such as waddling 
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way of walking.12 Second, VDR is expressed in human 
muscle tissue,13 and VDR activation may promote 
de  novo protein synthesis in muscle.14 Suggesting a 
role of vitamin D in muscle development, mice lacking 
the VDR show a skeletal muscle phenotype with 
smaller and variable muscle fibers and persistence of 
immature muscle gene expression during adult life.15,16 
These abnormalities persist after correction of sys-
temic calcium metabolism by a rescue diet.16

Third, several observational studies suggest a posi-
tive association between 25-hydroxyvitamin D and 
muscle strength or lower extremity function in older 
people.17,18 Finally, in several double-blind randomized 
controlled trials, vitamin D supplementation increased 
muscle strength and balance19,20 and reduced the risk of 
falling in community-dwelling individuals,20–22 as well 
as in institutionalized individuals.19,23 Notably, a study 
by Glerup and colleagues suggests that vitamin D defi-
ciency may cause muscular impairment even before 
adverse effects on bone occur.11

15.1.3 � Importance of 25-Hydroxyvitamin 
D Status and Dose of Vitamin D 
with Respect to Function, 
Strength, and Risk of Falling

A dose–response relationship between vitamin D sta-
tus and muscle health was examined in NHANES III 
(The Third National Health and Nutrition Examination 
Survey) including 4,100 ambulatory adults of 60 years 
of age and older. Muscle function measured as the 
8-foot walk test and the repeated sit-to-stand test was 
poorest in subjects with the lowest 25-hydroxyvitamin 
D (below 20 nmol/L) levels. Similar results were found 
in a Dutch cohort of older individuals.17 Notably, while 
from the smaller Dutch cohort a threshold of 50 nmol/L 
has been suggested for optimal function,17 a threshold 
beyond which function would not further improve was 
not identified in the larger NHANES III survey, even 
beyond the upper end of the reference range 
(> 100 nmol/L).18 In NHANES III, a similar benefit of 
higher 25-hydroxyvitamin D status was documented 
by gender, level of physical activity, and level of cal-
cium intake.

These associations between higher 25-hydroxyvitamin 
D status and better function observed in epidemiologic 

studies in the US and Europe were confirmed by three 
recent double-blind RCTs with 800  IU vitamin D3 
plus calcium compared to calcium alone resulting in a 
4–11% gain in lower extremity strength or function,19,20 
and in an up to 28% improvement in body sway20,22 in 
older adults of 65+ years of age, within 2–12 month of 
treatment.

A dose-dependent benefit of vitamin D in regard to 
fall prevention was suggested by a 2004 metaanalysis24 
and a recent multidose double-blind RCT among 124 
nursing home residents receiving 200, 400, 600, or 
800 IU vitamin D compared to placebo over a 5-month 
period.23 Participants in the 800  IU group had a 72% 
lower rate of falls than those taking placebo or a lower 
dose of vitamin D (rate ratio = 0.28; 95% confidence 
interval = 0.11–0.75).23 Including this trial, a most recent 
metaanalysis of 8 high-quality double-blind RCTs 
(n = 2,426) found significant heterogeneity by dose 
(low-dose: <700  IU/day vs. higher dose: 700–1,000  
IU/day; p-value 0.02) and achieved 25-hydroxyvitamin 
D level (<60 nmol/L vs. ³60 nmol/L; p-value = 0.005).25 
Higher dose supplemental vitamin D reduced fall risk 
by 19% (pooled relative risk (RR) = 0.81; 95% CI, 
0.71–0.92; n = 1,921 from seven trials), but a lower dose 
did not (pooled RR = 1.10, 95% CI, 0.89–1.35 from two 
trials); also, achieved serum 25-hydroxyvitamin D con-
centrations less than 60 nmol/L did not reduce the risk 
of falling (pooled RR = 1.35, 95% CI, 0.98–1.84). 
Notably, at the higher dose of 700–1,000 IU vitamin D, 
this metaanalysis documented a 38% reduction in the 
risk of falling with treatment duration of 2–5 months 
and a sustained significant effect of 17% fall reduction 
with treatment duration of 12–36 months. Thus benefits 
of vitamin D on fall prevention are rapid and sustained, 
provided a high enough dose.

15.1.4 � Dose-Dependent Benefit  
of Vitamin D for Any Nonvertebral 
Fractures and Fractures of the Hip

Consistent with the 2009 metaanalysis of vitamin D 
and fall prevention, a 2009 metaanalysis of 12 double-
blind RCTs for nonvertebral fractures (n = 42,279) and 
8 RCTs for hip fractures (n = 40,886) found that anti-
fracture efficacy of vitamin D is dose-dependent and 
increases significantly with a higher achieved level of 
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25-hydroxyvitamin D in the treatment group starting at 
75 nmol/L.26 No fracture reduction was observed for a 
received dose of 400 IU or less per day, while a higher 
received dose of 482–770 IU supplemental vitamin D 
per day reduced nonvertebral fractures by 20% (pooled 
RR = 0.80; 95% CI, 0.72–0.89; n = 33,265 from nine 
trials) and hip fractures by 18% (pooled RR = 0.82; 
95% CI, 0.69–0.97; n = 31,872 from five trials). 
Notably, subgroup analyses for the prevention of non-
vertebral fractures with the higher received dose sug-
gested a benefit in all subgroups of the older population, 
and possibly better fracture reduction with D3 com-
pared to D2, while additional calcium did not further 
improve antifracture efficacy (see Table 15.1).

15.1.5 � Adding Calcium to Vitamin D

The observed calcium-independent benefit of vitamin D 
on nonvertebral fracture prevention at a vitamin D dose 
greater than 400 IU/day may be explained by a calcium-
sparing effect of vitamin D,27,28 which is supported by two 

recent epidemiologic studies suggesting that both PTH 
suppression28 and hip bone density29 may only depend on 
a higher calcium intake if serum 25-hydroxyvitamin D 
levels are very low.

Thus as calcium absorption is improved with higher 
serum 25-hysdroxyvitamin D levels,28,30 future studies 
may need to evaluate whether current calcium intake 
recommendations with higher doses of vitamin D 
beyond 2,000  IU/day are safe or require downward 
adjustment.30 If dietary calcium is a threshold nutrient, 
as suggested by Dr. Heaney,31 then the threshold for 
optimal calcium absorption may be at a lower calcium 
intake when vitamin D supplementation is adequate.

15.1.6 � Are Current Recommended Intakes 
for Vitamin D Sufficient for Optimal 
Musculoskeletal Health?

The recommended adequate intake of vitamin D as 
defined by the Institute of Medicine in 1997 is 200 IU/
day for adults up to 50 years of age, 400  IU/day for 
adults between 51 and 70 years of age, and 600 IU/day 
for those aged 70 years and over. These recommenda-
tions are insufficient to meet the requirements of optimal 
fall and nonvertebral fracture prevention. The current 
intake recommendation for older persons (600 IU/day) 
may bring most individuals to 50–60 nmol/L, but not to 
a threshold of at least 75 nmol/L32 where fall and frac-
ture prevention occurs.

Studies suggest that 700–1,000 IU of vitamin D per 
day may bring 50% of younger and older adults up to 
75–100 nmol/L.33–35 Thus to bring most older adults to 
the desirable range of at least 75 nmol/L, vitamin D 
doses higher than 700–1,000  IU would be needed. 
According to studies in younger adults, intakes of as 
high as 4,000–10,000  IU are safe,36,37 and 4,000  IU 
may bring 88% of healthy young men and women to at 
least 75 nmol/L.37 Heaney and colleagues, in a study of 
healthy men, estimated that 1,000  IU cholecalciferol 
per day are needed during winter months in Nebraska 
to maintain a late summer starting level of 70 nmol/L, 
while baseline levels between 20 and 40 nmol/L may 
require a daily dose of 2,200 IU vitamin D to reach and 
maintain 80  nmol/L.31,36 These results indicate that 
individuals with a lower starting level may need a 
higher dose of vitamin D to achieve desirable levels, 

Adapted from Bischoff-Ferrari et al. Copyright (2009), American 
Medical Association26

Subgroups by received  
dose of vitamin D

Fracture (%) Reduction

Pooled analysis from three  
trials with low-dose vitamin  
D (340–380 IU/day)

+2 Ø

Pooled analysis from nine  
trials with higher dose  
vitamin D (482–770 IU/day)

−20 Sig.

Pooled subgroup analysis  
from trials with higher dose  
vitamin D (482–770 IE/Tag)

  Vitamin D2 −10 Ø

  Vitamin D3 −23 Sig.

  Age 65–74 −33 Sig.

  Age 75+ −17 Sig.

  Institutionalized 65+ −15 Sig.

  Community-dwelling 65+ −29 Sig.

  Vitamin D plus calcium −21 Sig.

  Vitamin D main effects −21 Sig.

Table  15.1  Nonvertebral fracture reduction with vitamin D 
based on evidence from double-blind RCTs
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while relatively lower doses may be sufficient in indi-
viduals who start at higher baseline levels.

Based on a dose–response calculation proposed by 
Dr. Heaney of about 1.0 nmol per 40 IU at the lower end 
of the distribution and 0.6 nmol per 40 IU at the upper 
end,31 2,000  IU vitamin D per day may bring a large 
majority of the US population into the range of 80 nmol/L 
or higher. Thus, high 25-hydroxyvitamin D levels 
observed in healthy outdoor workers are 135 nmol/L in 
farmers and 163 nmol/L38 in lifeguards. As a first sign of 
toxicity, only serum 25(OH)D levels of above 220 nmol/L 
have been associated with hypercalcemia.39

Most vulnerable to low vitamin D levels are older 
individual,40,41 individuals living in northern latitudes 
with prolonged winters,42,43 obese individuals,44 and 
individuals of all ages with dark skin pigmentation liv-
ing in northern latitudes.32,45,46

15.1.7 � In Summary

Based on the evidence from randomized controlled 
trials, vitamin D supplementation reduces both falls 
and nonvertebral fractures, including those at the hip. 
However, this benefit is dose-dependent. According 
to two 2009 metaanalyses of double-blind RCTs, no 
fall reduction was observed for a dose of less than 
700 IU/day, while a higher dose of 700–1,000 IU sup-
plemental vitamin D per day reduced falls by 19%.25 
Similarly, no fracture reduction was observed for a 
received dose of 400 IU or less per day, while a higher 
received dose of 482–770 IU supplemental vitamin D 
per day reduced nonvertebral fractures by 20% and 
hip fractures by 18%. The antifracture effect was pres-
ent in all subgroups of the older population and was 
most pronounced among those community-dwelling 
(−29%) and those of 65–74 years of age (−33%).

With respect to desirable 25-hydroxyvitamin D lev-
els, fall prevention and nonvertebral fracture preven-
tion increased significantly with higher achieved 
25-hydroxyvitamin D levels in the 2009 metaanalyses. 
Fall prevention occurred with 25-hydroxyvitamin D 
levels of 60 nmol/L up to 95,25 while 75–112 nmol/L 
were required for nonvertebral fracture prevention.26 
Given the absence of data beyond this beneficial range, 
these recent metaanalyses do not preclude the possibil-
ity that higher doses or higher achieved 25-hydroxy
vitamin D concentrations would have been even more 
efficient in reducing falls and nonvertebral fractures.
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16.1 � Introduction

Vitamin D deficiency and insufficiency are widespread 
among the population, especially in risk groups such 
as young children, pregnant women, older persons, in 
particular the homebound and institutionalized, and 
nonwestern immigrants.1–3 Consequences are mineral-
ization defects, resulting in rickets or osteomalacia, 
and secondary hyperparathyroidism resulting in osteo-
porosis and fractures. Many studies have been done in 
older persons, but data from the general adult popula-
tion are lacking. Vitamin D deficiency and insuffi-
ciency can be prevented and the potential gain is high. 
This paper starts with the pathophysiological back-
ground and the data coming from molecular biology, 
in particular the knock-out models. Subsequently, min-
eralization disorders, as well as risk factors, are dis-
cussed. This is followed by the relationship between 
vitamin D deficiency, osteoporosis, and fractures. The 
pathophysiology and the prevention of bone loss and 
fractures will be discussed. Subsequently the implica-
tions for public health, vitamin D requirement, and the 
use of supplements will be discussed.

16.2 � Pathophysiological Background

Vitamin D3 is synthesized in the skin under the influence 
of ultraviolet radiation. Subsequently, it is hydroxylated 
in the liver to 25-hydroxyvitamin D (25(OH)D) and in 

the kidney to 1,25-dihydroxyvitamin D (1,25(OH)2D). 
The active metabolite, 1,25(OH)2D, stimulates the 
absorption of calcium from the gut, which is used for the 
formation of hydroxyl apatite during the process of bone 
mineralization.4 However, the mineralization of new 
organic bone matrix (osteoid tissue) can occur indepen-
dently of vitamin D. It is a passive process mainly depen-
dent upon the availability of calcium and phosphate. 
More recently, it has become clear from studies with 
knock-out mice that 1,25(OH)2D is not needed for bone 
mineralization.5 The mouse that lacks the 1-a hydroxy-
lase enzyme cannot synthesize 1,25(OH)2D, but a high 
calcium and lactose diet can cure the rickets. The vita-
min D receptor null mouse can function without genomic 
vitamin D effect. Longitudinal growth is disturbed in 
this model and there is no hair growth, but mineraliza-
tion can be normal when a very high calcium rescue diet 
is offered. Patients with a nonfunctional vitamin D recep-
tor have decreased longitudinal bone growth, which is 
clearly visible in families with vitamin D-dependent 
rickets type 2. These are characterized by rickets, low 
body height, and baldness.6

16.3 � Rickets and Osteomalacia

In case of long-standing severe vitamin D deficiency, 
mineralization defects will develop resulting in rickets 
in children and osteomalacia in adults. In children, the 
hypertrophied cartilage zone of the growth plate does 
not mineralize and cartilage proliferation is prolonged. 
The growth plate becomes thick, wide, and irregular. 
This results in wide and thick epiphysial zones. In chil-
dren as well as in adults, remodeling is abnormal during 
long-standing severe vitamin D deficiency. After bone 
resorption, a new bone matrix is formed, the osteoid 
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tissue, but this does not mineralize leading to osteomal-
acia.7 Rickets and osteomalacia are characterized by 
generalized bone pain and muscle weakness, especially 
of the proximal muscles. In children with rickets, the 
bones may be weaker than normal and may show bow-
ing. Rickets and osteomalacia occur with very low 
serum 25(OH)D levels, usually lower than 12.5 nmol/L 
(5 ng/mL). A low calcium diet, low dairy intake, and 
malabsorption, as in coeliac disease, increase the risk of 
rickets and osteomalacia.

Laboratory findings include low serum calcium and 
phosphate, low urinary calcium excretion, and elevated 
serum alkaline phosphatase level. Radiologic findings 
include unsharp images of the spine and tubular bones, 
and Looser zones or pseudo fractures. The diagnosis 
can be confirmed by demonstrating increased osteoid 
tissue (osteoid seam thickness >15 µm) and absent tet-
racycline double labels.7 Rickets and osteomalacia 
were very rare three or four decades ago, but now occur 
more frequently due to vitamin D deficiency in risk 
groups such as older persons and immigrants.

16.4 � Bone Loss, Osteoporosis,  
and Fractures

When vitamin D deficiency is less severe, mineraliza-
tion may occur almost normally. However, the some-
what lower calcium absorption results in secondary 

hyperparathyroidism. This leads to high bone turnover 
and bone loss. This may contribute to the risk of osteo-
porosis and fractures (Fig. 16.1).

Many epidemiologic studies confirm that mean 
serum parathyroid hormone (PTH) levels are higher 
in  case of vitamin D deficiency (serum 25(OH)D 
<25 nmol/L) or insufficiency (serum 25(OH)D between 
25 and 50 nmol/L). Serum PTH may be 15–30% higher 
in patients with vitamin D deficiency or insufficiency 
compared to vitamin D replete subjects (serum 25(OH)
D >50 nmol/L).

In the Longitudinal Aging Study Amsterdam, serum 
PTH decreased from 5.1 pmol/L when serum 25(OH)
D was lower than 25 nmol/L to 3.3 pmol/L when serum 
25(OH)D was between 50 and 75 nmol/L.8 According 
to a Loess plot, serum PTH decreased further to 
3.1 pmol/L when serum 25(OH)D became higher than 
75  nmol/L (Fig.  16.2). The latter decrease was mar-
ginal and confidence intervals increased. In the same 
study serum osteocalcin decreased from 2.5  nmol/L 
when serum 25(OH)D was lower than 25  pmol/L to 
2.1  nmol/L when serum 25(OH)D was higher than 
40 nmol/L. The bone resorption marker urinary DPD/
creatinine decreased from 6.7  nmol/mL with low 
serum 25(OH)D to 5.5 nmol/mL when serum 25(OH)
D was higher than 40  nmol/L. The bone mineral 
density in the total hip, femoral trochanter, and total 
body increased with serum 25(OH)D to about 
50 nmol/L. The increases of BMD were significant in 
the lower part of the curve only (Fig. 16.2). Very similar 
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cross-sectional data have come from the baseline 
results of a very large clinical trial on the selective 
estrogen receptor modulator bazedoxifen.9 Results of 
the NHANES-III study showed that with increasing 
serum 25(OH)D, bone mineral density of the hip 
increased up to serum 25(OH)D of about 90 nmol/L.10 

The risk for falls and fractures was also studied in 
LASA. An interaction with age was observed with sig-
nificant results between 65 and 75 years and no signifi-
cance over 75 years of age.11 Persons with serum 
25(OH)D lower than 30 nmol/L had a relative risk of 
about three compared to persons with serum 25(OH)D 
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higher than 30  nmol/L. A similar threshold was 
observed regarding the risk of falls.12 A study from 
Australia in patients with severe vitamin D deficiency 
showed a plateau for serum 1,25(OH)2D, calcium 
absorption, and bone markers at a serum 25(OH)D of 
25 nmol/L.13

Many randomized placebo-controlled clini-
cal trials have been performed with bone mineral 
density and fracture incidence as outcomes. In the 
Amsterdam Vitamin D Study, the BMD of the fem-
oral neck increased 2.2% after 2-year supplementa-
tion with 400  IU of vitamin D3 and an increase of 
serum 25(OH)D from 22 to 60 nmol/L.14 The BMD 
increase in most trials was less than that could be pre-
dicted from cross-sectional epidemiological data. The 
results of clinical trials with fracture incidence as out-
come have been equivocal. Most trials have combined 
vitamin D and calcium vs. double placebo such as the 
classical trial from Lyon.15 A trial with 100,000 IU 
of vitamin D per 4 months without calcium showed 
a decrease of fractures in the United Kingdom.16 The 
other trials used combinations of 400 or 800  IU of 
vitamin D in combination with calcium.17–21 Several 
excellent metaanalyses have been done showing small 
differences.22–25 Two French studies using vitamin D 
800 IU/day and calcium 1,200 mg/day vs. double pla-
cebo in nursing home residents have a major impact 
on the results of these metaanalyses as both trials were 
significantly positive and showed a fracture reduc-
tion of 20%.15,26 A metaanalysis of Bischoff-Ferrari 
showed that trials with 800 IU/day tended to be more 
often significant than trials with 400  IU/day.22 The 
metaanalysis of Tang included a sensitivity analysis 
showing that the results were significantly better in 
the age groups of 80 years and older compared to 
younger age groups, in institutionalized elderly com-
pared with older persons in the community, when 
compliance was higher than 80% compared with 
lower compliance, a vitamin D dose of 800  IU or 
higher compared with a dose lower than 800 IU, a low 
baseline dietary calcium intake compared with a nor-
mal baseline intake, and with a calcium supplement 
of 1,200 mg/day or higher compared with lower than 
1,200 mg.25 The latter results confirm the high impact 
of the two trials from Lyon where the nursing home 
residents had a very low baseline calcium intake.15,26 
It can be learned from the individual trials and the 
metaanalyses that results of vitamin D and calcium 
supplementation highly depend on the setting and the 

baseline situation. In general, a reduction of fracture 
incidence of about 10% can be obtained with calcium 
and vitamin D supplementation.

16.5 � Implications for Public Health

Cross-sectional epidemiological studies show relation-
ships between serum 25(OH)D and serum PTH, bone 
turnover markers, bone mineral density, and fall and 
fracture risk. The required serum 25(OH)D levels or 
thresholds were different for these outcomes being 
higher than 75 nmol/L for serum PTH, 25–40 nmol/L 
for bone turnover parameters, between 50 and 90 nmol/L 
for bone mineral density, and 30  nmol/L for fracture 
risk.8,10,13 Cross-sectional epidemiological studies show 
a higher impact of vitamin D status on bone mineral 
density than clinical trials, but there is clearly a lack of 
data on bone mineral density from randomized clinical 
trials. Almost all data refer to populations of older per-
sons, and data for adults between 20 and 65 years of age 
are scarce. The establishment of the required serum 
25(OH)D level has a major impact on required vitamin 
D intake or vitamin D supplementation dose. When the 
required serum 25(OH)D level is increased from 30 to 
50 nmol/L, all older persons should take a vitamin D 
supplement. When the required serum 25(OH)D is 
increased from 50 to 75 nmol/L, then almost all adults 
should take vitamin D supplements for most of the year 
or throughout the year. When vitamin supplementation 
is recommended, it can mean life-long supplementation 
and the side effects of supplementation use for many 
years are not known. In the Women’s Health Initiative 
Study, vitamin D supplementation led to an increase of 
renal stones.21 However, it is not known whether some 
persons are more sensitive to side effects of vitamin D 
than others. A parallel to possible side effects of cal-
cium supplementation with regard to the cardiovascular 
system should be drawn.27 Nevertheless, it is of utmost 
importance to improve vitamin D status in large parts 
of  the population, particularly in risk groups such 
as  young children, persons with pigmented skin and 
little sunshine exposure, pregnant women, and older 
persons especially the institutionalized. According to 
this, recent recommendations of the Dutch Health 
Council28 are made  (Table  16.1). Food fortification 
should also be stimulated. The effect of such programs 
should be investigated.



11916  Vitamin D and Bone Health

16.6 � Conclusions

Vitamin D deficiency and insufficiency are widespread 
in the population, particularly in risk groups. Rickets 
and osteomalacia may occur when serum 25(OH)D is 
lower than 12.5  nmol/L. High bone turnover, bone 
loss, osteoporosis, and fractures may occur in case of 
vitamin D deficiency or insufficiency; in general, when 
serum 25(OH)D is lower than 50 nmol/L. The risk is 
higher when calcium intake is low. Cross-sectional 
epidemiological data show different thresholds regard-
ing PTH, markers of bone turnover, bone mineral den-
sity, and fracture risk. Randomized clinical trials show 
equivocal results and are more positive in older institu-
tionalized persons, with a vitamin D dose of 800 IU/
day or higher, combined with calcium. An increase of 
the required serum 25(OH)D level has a major impact 
on the proportion of the population that should use 
vitamin D supplements, either only in winter or all 
year long. The side effects of long-term vitamin D 
supplementation are insufficiently known. There is 
generally a lack of data on the consequences of vita-
min D insufficiency in the adult population and on 
the  long-term effects and side effects of vitamin D 
supplementation.
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17.1 � Introduction

Osteoporosis is a global health problem that will take 
on increasing significance as people live longer and the 
world’s population continues to increase in number.1 
For example, currently in the United States (US) alone, 
ten million individuals already have osteoporosis, and a 
further 34 million have low bone mass, which make 
them increasingly susceptible to this disorder.2 While 
osteoporosis is characterized by low bone mass and 
microarchitectural deterioration of bone tissue, fragility 
fractures are the hallmark of osteoporosis and are par-
ticularly common in the spine, hip, and distal forearm, 
although they can occur throughout the skeleton. These 
fractures are a significant cause of morbidity and mor-
tality and can have a serious impact on quality of life in 
patients with osteoporosis. It is estimated that one in 
eight European Union (EU) citizens over the age of 50 
years will fracture their spine this year.1 Furthermore, 
because of the increase in incidence rates of osteoporo-
tic fractures with age,3 the demographic changes and 
increasing life expectancy predicted for Europe, the 
US, and elsewhere will have a huge impact on the num-
ber of fractures which can be expected to occur.

From an economic perspective, the expenses of hos-
pital care and rehabilitation associated with osteoporo-
tic fractures are a considerable fiscal drain for the health 
care system, exceeding those of other highly prevalent 
pathologies of the elderly, such as myocardial infarc-
tion.4 Osteoporosis costs national treasuries over €3,500 
million annually in hospital health care alone.1 Thus 

prevention of osteoporosis and its complications is an 
essential socioeconomic priority. There is an urgent 
need to develop and/or implement nutritional approaches 
and policies for the prevention and treatment of osteo-
porosis, which could – with time – offer a foundation 
for population-based preventive strategies.

17.2 � Risk Factors for Osteoporosis

Low bone mineral mass is the main factor responsible 
for osteoporotic fracture. Bone mass in later life depends 
on the peak bone mass achieved during growth and the 
rate of subsequent age-related bone loss (Fig.  17.1). 
Accordingly, development of maximal bone mass dur-
ing growth and reduction of loss of bone later in life are 
the two main strategies of preventing osteoporosis.5 
While, unquestionably, accrual of bone mass during the 
growth trajectory in childhood and adolescence is an 
opportunity in relation to skeletal health, there is 
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potential for gain in bone mass in young adults for 
about 10 years after longitudinal bone growth has 
stopped.6 Consequently, any factor that influences the 
development and consolidation of peak bone mass or 
the loss of bone in adulthood will affect later fracture 
risk. Several authoritative bodies have stressed on the 
importance of nutrition, in particular adequate dietary 
calcium and vitamin D intake/status, as a major con-
tributor to bone health for individuals of all ages.1,2,6–8

17.3 � Vitamin D Status in Young Adults

Vitamin D, through its active form (1,25-dihydroxy
vitamin D), is essential for intestinal calcium absorp-
tion and plays a central role in maintaining calcium 
homeostasis and skeletal integrity.6 It is well-estab-
lished that prolonged and severe clinical vitamin D 
deficiency (represented as serum/plasma 25-hydroxyvi-
tamin D [25(OH)D] concentrations <10–25  nmol/L) 
leads to rickets in children and osteomalacia in adults.7 
Less severe vitamin D deficiency causes secondary 
hyperparathyroidism and increases bone turnover and 
bone loss.9,10 Currently in the UK, a plasma concentra-
tion of 25  nmol/L of 25(OH)D is used as the lower 
threshold for vitamin D status.7 There is, however, a 
lack of consensus on the cut-off values of plasma 
25(OH)D that define the lower limit of adequacy/suf-
ficiency, and values between 30 and 80 nmol/L have 
been suggested.6,11,12

It is of concern that a high prevalence of low vita-
min D status has been reported in adults from many 
countries (see reviews13–16). In addition, the age profile 
of those with low vitamin D status is contrary to previ-
ously accepted wisdom; for example, younger adults 
in the UK are more likely to have serum 25(OH)D 
values below 25 nmol/L than older adults (20.2% vs. 
11.7% for men and women aged 19–34 years and 
35–64 years, respectively).17 Data from the third 
National Health and Nutrition Examination Survey 
(NHANES III) show that of several age groups (encom-
passing those aged 12–80+ years), adult males and 
females (20–39 years) had the highest percentage of 
wintertime serum 25(OH)D concentrations below 
37.5 nmol/L.18 Relatively low habitual dietary intakes 
of vitamin D by high proportions of young adults in 
many countries are likely to have a major role in the 
observed low wintertime vitamin D status in this age 

group.19–21 For example, nearly 75% of Irish adults fail 
to reach a dietary intake of vitamin D of 5 mg/day.20 
This is due in particular to the rather limited number of 
foods that are rich in vitamin D.20

17.4 � Impact of Low Vitamin D Status  
on Bone Health in Young Adults

A key question is whether this low vitamin D status 
impacts bone health in young adults? Positive associa-
tions have been reported between serum 25(OH)D (or 
low parathyroid hormone (PTH), as a secondary mea-
sure of vitamin D status) and bone mineral density (BMD) 
of the forearm, lumbar spine, femoral neck, and hip in 
healthy young adults.22–24 Bischoff-Ferrari et al.,25 using 
data from NHANES III, have shown that compared to 
subjects in the lowest quintile of serum 25(OH)D, 
those in the highest quintile had mean BMD that was 
4.1% higher in young White adult (20–49 years) sub-
jects, and that serum 25(OH)D concentrations higher 
than 100  nmol/L was associated with higher BMD. 
However, such epidemiological data do not provide 
evidence of causality.

Unfortunately, data from intervention studies investi-
gating the effect of improving vitamin D status on bone 
health outcomes, particularly on BMD, in this age group 
are relatively limited. There are three studies in young 
adults (18–40 years26–28) and two in adults in a wider 
age bracket (21–70 years),29,30 which reported the effect 
of vitamin D supplementation on BMD and/or markers 
of bone turnover. In a double-blind, randomized con-
trolled intervention study by Barnes et al.,26 18–27-year-
old adult men and women (n 15) who received daily 
supplementation with 15 mg vitamin D

3
 (and 1,500 mg 

calcium/day) had a significant increase in mean serum 
25(OH)D over the 8 weeks of winter (from 47.9 to 
86.5  nmol/L from January to March, respectively). 
However, there was no significant change in markers of 
bone turnover (serum bone-specific alkaline phos-
phatase (BAP) or carboxyterminal cross-linked telopep-
tide of type I collagen (CTx)) or in PTH over the 8 
weeks of the study compared to the control group (who 
received 1,500 mg calcium/day only). We have recently 
shown that in a double-blind, placebo-controlled, ran-
domized 22-week intervention study, the median serum 
25(OH)D concentration in a group of 20–40 year 
olds  (men and women; n 53) who received 15  mg 
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vitamin D
3
/day over the extended winter period was 

similar in November (75.9  nmol/L) and March 
(69.0 nmol/L), suggesting that this level of supplemen-
tation largely prevented the seasonal decline in vitamin 
D status.27 We also included two further doses of vita-
min D

3
 (5 and 10 mg/day), which had, as expected, a 

diminished ability to prevent the seasonal decline in 
serum 25(OH)D concentration. There was, however, a 
lack of effect of vitamin D supplementation on markers 
of bone turnover (serum osteocalcin, bone-specific alka-
line phosphatase, CTx or cross-linked N-terminal telo-
peptides of type I collagen (NTx)), which may have 
been related to the lack of its effect on serum PTH. 
While PTH increased (by 11–17%) in the placebo group 
and all three vitamin D groups throughout winter, there 
was no significant difference in this increment among 
groups. Furthermore, the increase was within the nor-
mal physiological range. Lips (11) has suggested that 
mild vitamin D deficiency (serum 25(OH)D in range 
25–50  nmol/L) may be associated with increases in 
serum PTH of <15% with normal/high bone turnover.

It is also noteworthy that in our study there was no 
increase in markers of bone turnover even in the pla-
cebo group from early Autumn to early Spring, despite 
a significant decrease in serum 25(OH)D and increase 
in serum PTH, potentially suggesting a lack of seasonal 
variation in bone turnover.27 Patel et  al.29 reported the 
effect of season and vitamin D supplementation on bone 
metabolism and density in healthy adult women (mean 
age, 45.3 (range 23–70) years). There was no effect of 
season on serum PTH, bone markers, or BMD even 
though serum 25(OH)D was significantly increased. 
Furthermore, while supplementation with vitamin D

3
 

increased serum 25(OH)D, there was no effect on serum 
PTH, bone markers, or BMD. To further test the impact 
of seasonality, we investigated the effect of supplemen-
tation with 15 mg vitamin D

3
/day for 4 weeks in a dou-

ble-blind, placebo-controlled randomized intervention 
study in a combined cohort of young (18–35 years old) 
and older (36–63 years old) adults.28 Subjects were 
recruited in two waves (late-Autumn and late-Winter, 
during which vitamin D status would be at its peak and 
nadir, respectively.31) There was no effect of vitamin D 
supplementation on markers of bone turnover (serum 
osteocalcin or bone-specific alkaline phosphatase, or 
urinary NTx) in either wave separately or when com-
bined in the young adults.28

In contrast, Viljakainen et al.30 recently showed that 
in a 6-month double-blinded vitamin D intervention 

study in healthy Caucasian Finnish men (aged 21–49 
years), there was a seasonal (November to April) 
decline in serum 25(OH)D and elevation in PTH in the 
placebo group, but serum BAP was unchanged and, 
unexpectedly, serum TRACP (a marker of bone resorp-
tion) significantly decreased. Supplementation with 
vitamin D (at 10 and 20 mg/day) inhibited the winter 
elevation of PTH (20 mg/day only), decreased serum 
BAP, and tended (p = 0.09) to increase cortical BMD of 
proximal radius with increasing vitamin D.

17.5 � Dietary Requirement of Vitamin D 
to Reach Proposed Thresholds  
of Serum 25-Hydroxyvitamin D

Bischoff-Ferrari et al.,25 using data from NHANES III, 
have shown that a serum 25(OH)D concentration 
higher than 100  nmol/L was associated with higher 
BMD in young adult (20–49 years) White subjects. A 
quasiconsensus of vitamin D experts for a serum 
25(OH)D threshold of >70–80 nmol/L has been sug-
gested for optimal bone health for all adults.32 However, 
while a secondary analysis is possibly limited by the 
number of subjects with serum levels that exceeded the 
threshold, stratifying subjects in our study with serum 
25(OH)D levels above or below 80  nmol/L had no 
effect on the response of serum PTH or bone markers 
to vitamin D supplementation.27 Similarly, Patel et al.29 
also showed that there was no significant difference in 
the response of serum PTH or bone markers to vitamin 
D supplementation in subjects with low (<60 nmol/L) 
or high (>80 nmol/L) serum 25(OH)D concentration at 
baseline.

Considerable variation exists between authoritative 
dietary recommendations for vitamin D intakes for 
adults.6–8,33 The UK Committee on Medical Aspects of 
Food and Nutrition Policy (COMA) in 1991 chose not 
to set a reference nutrient intake (RNI) for people aged 
4–64 years on the basis that skin synthesis of vitamin 
D would generally ensure adequacy,7 a recommenda-
tion confirmed in 1998 by the UK COMA subgroup 
on bone health.8 In contrast, the US Dietary Reference 
Intake (DRI) panel for calcium and related nutrients 
set adequate intakes (AI) for vitamin D in 1997.6 
The US DRI panel concluded that there was insuffi-
cient evidence to set estimated average requirements 
(EAR, the foundation for setting recommended dietary 
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allowances [RDA]) for vitamin D, emphasizing the 
fact that contributions from sunlight and food are dif-
ficult to determine.6 An AI for vitamin D (5 mg/day 
for adults aged 18–50 years) was set on the basis of 
intakes necessary to achieve “normal” ranges of serum 
25(OH)D concentrations. However, in establishing the 
AI, the US DRI panel assumed that there was no cuta-
neous synthesis of vitamin D through sun exposure.6 
The European dietary recommendation (population 
reference intake [PRI]) for vitamin D for adults ranges 
from 0 to 10 mg/day to account for the widely varying 
latitudes where EU citizens live in (35–70°N).33

Recently, we have established based on a random-
ized controlled intervention study in adults (aged 20–40 
years) using supplemental levels (0, 5, 10, and 15 mg/
day) of vitamin D

3
 throughout winter, established the 

distribution of dietary requirements for the maintenance 
of nutritional adequacy of vitamin D during late winter.34 
We placed strong emphasis on using a cut-off for serum 
25(OH)D of 25 nmol/L on the basis that concentrations 
of around 20–27.5 nmol/L are considered to be consis-
tent with vitamin D deficiency and rickets/osteomala-
cia,8 and the 25 nmol/L threshold has been used by the 
various important authorities at least up to now.6–8,33 The 
intake required to maintain 97.5% of the young adult 
population with wintertime serum 25(OH)D concentra-
tions above 25  nmol/L was 8.7 mg/day. However, we 
have also reported dietary requirements for vitamin D 
in these young adults using a number of other serum 
25(OH)D cut-off values (37.5, 50, and 80  nmol/L) 
(Table 17.1). In particular, our estimate of the dietary 
vitamin D requirement needed to maintain serum 
25(OH)D concentrations above 80  nmol/L in 97.5% 
of the sample of 20–40 year olds was 41 mg/day.34 This 
is considerably less than the 114  mg/day suggested 

by Heaney et  al.,35 who performed an extended vita-
min D supplementation study (supplementation range 
0–250 mg/day) in adult males (mean age 38.7 years) in 
Omaha, Nebraska, US (41.2°N) and used pharmacoki-
netic modeling to estimate the vitamin D intake required 
to maintain prewinter serum 25(OH)D levels and/or to 
reach levels of 80  nmol/L during winter. Our data also 
show that even for the lowest cut-off of serum 25(OH)D 
(25 nmol/L) and certainly for the more intermediate cut-
off of 50 nmol/L serum 25(OH)D, the dietary requirement 
(8.7 and 28.0 mg/day, respectively) is still higher than that 
being consumed currently by adult populations.19–21

17.6 � Conclusion

Low vitamin D status, particularly during wintertime, is 
common in young adults. The impact of this low vita-
min D status on skeletal health in this age group is 
unclear. Data from intervention studies investigating the 
effect of improving vitamin D status on bone health out-
comes, particularly on BMD, in young adults are rela-
tively limited and the findings are mixed. In light of 
recent findings that suggest that vitamin D intakes in the 
region of ~40 mg/day, and may be as high as 100 mg/day, 
would be required to ensure that nearly all of healthy 
20–40 year olds would maintain serum 25(OH)D con-
centrations above 80 nmol/L,34,35 there is an urgent need 
for more data from vitamin D intervention studies, 
which confirm benefits of these high concentrations in 
terms of skeletal health.
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18.1 � Introduction

Persistent severe vitamin D deficiency causes rickets 
in children and osteomalacia in adults, and mild vita-
min D deficiency has been reported to be associated 
with hyperparathyroidism and increased bone turn-
over. In older people, low vitamin D status may lead to 
bone loss and fractures.1

The serum 25-hydroxyvitamin D [25(OH)D] level 
is regarded as the best indicator of overall vitamin D 
status, because it is quantitatively related to the supply 
of vitamin D over preceding weeks.2 During puberty, 
vitamin D requirements relate to both dietary calcium 
intake and growth velocity. With the increased demand 
for calcium to meet the mineralization requirement of 
the rapid expending skeleton, there is an increase in 
the metabolism of 25(OH)D to 1,25-dihydroxyvitamin 
D (1,25(OH)

2
D). There is as yet no consensus on the 

ideal level of 25(OH)D for maintaining normal cal-
cium metabolism and the achievement of optimal peak 
bone mass in children and adolescents. In adults, it is 
generally considered that 25(OH)D should be higher 
than 50  nmol/L in all postmenopausal women and 
elderly men for maintaining bone health3 and many 
clinicians and researchers favor a higher level of 
75 nmol/L.4 In this chapter, we reviewed the evidence 
of the effects of vitamin D on bone mass during child-
hood and aging.

18.2 � Vitamin D Effects on Bone 
Structure During Childhood

18.2.1 � Epidemiological Studies on Serum 
25(OH)D Levels and Bone Mass 
During Childhood and Adolescence

Majority of the studies on vitamin D status and bone 
health during childhood and adolescence were conducted 
in girls. Only two studies included male subjects and nei-
ther of them has shown any association.5,6 The studies in 
girls have shown various results, which could be related 
to the stage of sexual maturation, the rate of linear growth 
at the time of measurement, and the different growth pat-
terns of different skeletal sites. It seems that the role of 
vitamin D is more important during pubertal years when 
there is a greater demand for calcium, as studies in older 
adolescent girls of 16–20 years of age7 and prepubertal 
children and young adults6 did not find an association 
between vitamin D status and bone mass.

Studies conducted in adolescent girls of up to 16 years 
of age have shown a positive association between vita-
min D status and bone mass. In a cross-sectional study 
with 178 healthy Finnish adolescent girls of 14–16 years 
old, Outila et  al. reported that females with serum 
25(OH)D concentrations below 40  nmol/L had lower 
radial BMD (bone mineral density, p < 0.05) and ulna 
BMD (p = 0.08) compared to those with 25(OH)D levels 
above 40 nmol/L.8 In another cross-sectional study with 
266 12-year-old and 250 15-year-old girls, it was found 
that girls with high vitamin D status (>74.1 nmol/L) in 
both age groups had significantly higher forearm BMD 
as determined by peripheral instantaneous X-ray imager 
bone densitometer (p < 0.05).5 Such association was not 
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observed for heel BMD.5 This study also included 260 
12-year-old and 239 15-year-old boys, and as mentioned 
earlier, no correlation between vitamin D status and 
BMD was observed in boys in either age group.5

A 3-year prospective study evaluated the associa-
tion of vitamin D status and bone mineral accretion in 
171 healthy Finnish girls aged 9–15 years at baseline. 
In this longitudinal study, the gain in spinal BMD over 
3 years was significantly greater in those with high 
baseline vitamin D status (12.7, 13.1, and 16.7% for 
lowest, middle, and highest tertiles, respectively; 
p = 0.01) in the 129 girls with advanced sexual matura-
tion at baseline.9 However, such effect was not observed 
for femoral neck BMD (p = 0.15).9 For early pubertal 
years, in a study with 193 Finnish girls of 10–12 years 
of age at Tanner stage 1 or 2, it was found that girls 
with 25(OH)D below 25  nmol/L had significantly 
lower cortical volumetric BMD of the distal radius 
(p < 0.001) and the tibia shaft (p = 0.002) as measured 
by peripheral quantitative computed tomography 
(pQCT) compared to those with higher vitamin D sta-
tus. However, no vitamin D effects on DXA (Dual 
energy X-ray absorptiometry) total body, femoral neck, 
and lumbar spine bone mass had been observed.10

The average calcium intakes were 700–1,500 mg/day 
in the above mentioned studies with Caucasian ado
lescents. Very few studies examined the association 
between vitamin D status and bone mass in those with 
low calcium intakes, where vitamin D status is more 
important for calcium absorption. In a study with 301 
Beijing girls aged 15 years old with an average calcium 
intake of 450 mg/day, it was found that girls with 25(OH)
D concentrations above 50  nmol/L had significantly 
higher BMC at all skeletal sites measured (totally body, 
distal and proximal forearm) compared to those with 
25(OH)D levels below 25  nmol/L (p < 0.05), and the 
effects remained after adjustment for bone and body 
size, pubertal stage, handgrip muscle strength, physical 
activity, and dietary vitamin D and calcium intakes.11

18.2.2 � Effects of Vitamin D 
Supplementation on Vitamin D 
Status and Bone Mineral Accretion 
During Puberty

There are limited data on the effect of vitamin D sup-
plementation on vitamin D status and bone mineral 
accretion during adolescence. In a 3-year prospective 

study, the effects of vitamin D supplementation on 
vitamin D status were evaluated in 171 peri-pubertal 
Finnish girls aged 9–15 years. The mean baseline 
serum 25(OH)D concentration was 34.0 nmol/L. In the 
first 2 years, girls received 400 IU of vitamin D

2
 daily 

from October to February, and those with calcium 
intake below 1,000  mg/day also received 500  mg of 
calcium per day. As improvement in vitamin D status 
was not observed in wintertime at this supplementation 
dose, the dose was increase to 800 IU/day in the third 
year, which significantly increased the serum 25(OH)
D concentrations in winter (3,200–5,600  IU supple-
mentation per week: 45.5 nmol/L vs. no supplementa-
tion 31.8  nmol/L, p < 0.001). The intervention had 
greater effects in those with baseline 25(OH)D concen-
trations below 20  nmol/L than those whose 25OHD 
levels were above 37.5  nmol/L (increase in serum 
25(OH)D: 24.2 nmol/L vs. 0.9 nmol/L, p < 0.001).12

Similar increase in 25(OH)D level was observed 
with smaller supplementation dose in Chinese girls 
with low vitamin D status in a 2-year school milk inter-
vention trial. The study subjects were 757 Beijing 
Chinese girls aged 10 years at baseline, and they were 
randomized into three groups according to their 
schools. Subjects either received a carton of 330 mL 
milk fortified with calcium (providing 560 mg calcium 
in each carton) on school days (n = 238) or the same 
quantity of milk additionally fortified with 200–320 IU 
of vitamin D (n = 260) or acted as unsupplemented 
controls (n = 259). The mean baseline calcium intake 
was 436 mg/day. The mean baseline 25(OH)D concen-
tration was 19.4 nmol/L at the end of winter (March 
and early April), which improved to 47.6 nmol/L in the 
group that received both calcium and vitamin D forti-
fied milk, but remained unchanged in the other two 
groups. The group that received milk fortified with 
both calcium and vitamin D had significantly greater 
increase in size-adjusted bone mineral content (BMC) 
than both the control group (2.5%, p = 0.005) and the 
group that received milk fortified with calcium alone 
(1.4%, p = 0.05) after 2 years.13,14 Both the supple-
mented groups had significantly greater increases in 
total body BMD compared to the control group, and 
the effect in the calcium and vitamin D fortified milk 
group was greater (calcium fortified milk group: 3.1%, 
p = 0.03; calcium and vitamin D fortified milk group: 
5.4%, p = 0.003).14 There were no significant differ-
ences between the two supplemented groups as regard 
the increase in bone size as measured by combined cor-
tical thickness, suggesting that the group that received 
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additional vitamin D might had greater increase in vol-
umetric BMD rather than bone size.15 However, 3 years 
after the supplement withdrawal, the effects on bone 
mass and vitamin D status largely disappeared,16 indi-
cating that short-term intervention during early puber-
tal years does not have long-lasting effects on bone 
mineral accretion in Chinese girls with low habitual 
calcium intake and low vitamin D status.

18.2.3 � Vitamin D Status and Calcium 
Absorption, PTH, and Bone 
Turnover During Growth

The primary role of vitamin D during growth is to 
increase calcium absorption to meet the demands of 
bone mineralization. However, in Caucasian, Mexican 
American, and African American children with average 
calcium intakes ranging between 821 and 1,110 mg/day, 
no correlations between serum 25(OH)D and fractional 
calcium absorption were observed in any race.17,18 
Furthermore, in a study with 12 Chinese girls aged 9–17 
years with relatively lower calcium intake of 591 mg/
day, there was a negative association between 25(OH)D 
concentrations and fractional calcium absorption.19 It is 
not clear whether this was due to more 25(OH)D been 
converted to 1,25(OH)D

2
 to meet the requirement for 

calcium during this growth period.
The effects of vitamin D on bone mass could be 

mediated by reduced level of parathyroid hormone 
(PTH) and reduced rate of bone turnover. Most studies 
in Caucasian adolescents found that vitamin D defi-
ciency was associated with an elevation of PTH concen-
tration in blood and a rise in the blood concentration of 
markers for bone turnover.5,8,10 However, in a study with 
196 Swiss boys and girls aged 11–16 years, the authors 
reported that there was no correlation between 25(OH)
D levels and markers of collagen formation (P1NP) and 
degradation (serum c-terminal telopeptides, S-CTX).20 
In Chinese adolescent girls aged 15 years, a significant 
inverse association was found between plasma 25(OH)
D and iPTH concentrations (r = −0.110, p < 0.05), and 
plasma iPTH levels started to rise steeply when 25(OH)
D levels fell below 60  nmol/L.21 Those girls with 
25(OH)D levels above 50 nmol/L also had reduced rate 
of bone turnover as reflected by reduced levels of bone 
alkaline phosphatase and urinary deoxypyridinoline 
(p < 0.05).11 In the school milk intervention trial with 

Chinese girls aged 10 years, the group that received 
calcium and vitamin D fortified milk had significantly 
lower serum PTH at 12 (−46.2%, p = 0.04) and 24 
months (−16.4%, p = 0.01) compared to the unsupple-
mented control group.15

However, increase in PTH levels during puberty 
may not be driven by the same mechanism as in adults,22 
and PTH concentration normally raise during puberty 
as the rate of remodeling and consolidation is at peak.23 
Therefore, the ideal 25(OH)D level during adolescence 
cannot be determined as in adults based on the 25(OH)
D level that reduces PTH level to a plateau.

18.2.4 � Summary

A high prevalence of vitamin D deficiency and insuffi-
ciency has been reported in healthy growing children 
and adolescents in a number of countries.10,24,25 In 
Finnish girls aged 10–12 year, serum 25(OH)D con-
centrations in winter were below 25 nmol/L in 32% of 
the girls and range between 26 and 40 nmol/L in 46% 
of them.10 In Beijing girls aged 15 years old with an 
average calcium intake of 450  mg/day, it was found 
that at the end of winter (March and April), 31.2% of 
the girls had 25(OH)D levels below 25 nmol/L, 57.8% 
between 25 and 50 nmol/L and only 11% had 25(OH)
D levels above 50 nmol/L.11 Low vitamin D status may 
result in suboptimal bone mass accretion during growth. 
Increasing serum 25(OH)D through increasing sunlight 
exposure and vitamin D intake or taking supplements 
should be recommended for these children as a cost-
effective means of improving bone health, especially 
during rapid growing period and in those with low cal-
cium intakes.

18.3 � Vitamin D Effects on Bone 
Structure in Aging

18.3.1 � Epidemiological Studies on Serum 
25(OH)D Levels and Bone Mass  
in Older Adults

Several cross-sectional epidemiological studies in 
older people have shown that subjects with low 25(OH)
D levels had decreased BMD, with the 25(OH)D 
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threshold ranging from 25–301,26 to 75 nmol/L.27 In the 
NHANES III, in the analysis with 5,917 older adults 
aged over 50 years, compared to those in the lowest 
quintile of 25(OH)D, the highest quintile had higher 
mean BMD of 4.8% in White (p < 0.001), 3.6% in 
Mexican American (p = 0.01), and 2.5% in Black sub-
jects.27 Similar association was also observed in 
younger adults aged less than 50 years.27 In the regres-
sion plots, higher serum 25(OH)D levels were associ-
ated with higher BMD up to 90–100  nmol/L in all 
ethnic groups.27 In another analysis of the NHANES 
III data collected in 4,958 women and 5,003 men aged 
above 20 years, total hip BMD increased stepwise 
with 25(OH)D levels (<50, 50–74, >75 nmol/L, p for 
trend £0.001) in both men and women.28 This study 
also showed that calcium intake only related to hip 
BMD in women with 25(OH)D concentrations below 
50 nmol/L.28 However, low vitamin D status might be 
a reflection of general poor health and lack of physical 
activity, and casual relation cannot be established from 
cross-sectional studies. Randomized controlled trials 
provide the best evidence on the effects of vitamin D 
on bone health.

18.3.2 � Effects of Vitamin D 
Supplementation on Bone  
Density in Older People

18.3.2.1 � Vitamin D Supplementation Alone

Without adequate calcium intake, vitamin D cannot, in 
general, correct the raised PTH level and reduce the 
rate of bone loss. This could explain why some studies 
of the effects of vitamin D supplementation alone, i.e., 
in the absence of adequate calcium intake, on BMD 
have shown little or no effects. A randomized con-
trolled trial of 800 IU vitamin D

3
 supplementation with 

79 female monozygotic twin pairs aged 47–70 years 
(mean age 58.7 years) for 24 months showed that there 
were no significant treatment effects on hip and spinal 
BMD or calcaneal ultrasound, although the serum 
25(OH)D levels increased by 35 nmol/L in the supple-
mented group.29 In a 2-year randomized controlled 
study with 41 men aged 27–77 years with primary 
osteoporosis and at least one baseline fragility fracture, 
there were no significant differences between the group 

that received calcitriol supplementation of 0.5 mg/day 
and the group that received 1,000 mg calcium per day 
in the change in femoral neck and spinal BMD and the 
incidence of vertebral fractures.30 In both of the above 
studies, the baseline serum 25(OH)D levels were in 
normal range (mean serum 25(OH)D concentrations 
70–90 nmol/L).

Vitamin D supplementation alone appears to be more 
effective in older subjects and those with low vitamin D 
status or low calcium intakes. In a study in 316 women 
with a mean age of 73.7 years and 122 men with a mean 
age of 75.9 years, subjects were randomized to receive 
placebo, 750 mg calcium, or 600 IU of 25(OH)D over 4 
years. Calcium supplementation prevented bone loss, 
whereas 25(OH)D supplementation was less effective, 
but showed an effect in those with low calcium intakes.31 
In a 2-year trial in 380 women aged 70 years and older, 
those subjects who received 400 IU vitamin D

3
 per day 

had significantly increased serum 25(OH)D (increased 
by 35 nmol/L) and 1,25-(OH)

2
D (increased by 7.0 pmol/L) 

levels and significantly decreased PTH(1–84) secretion 
(−0.74 pmol/L) after 1 year. The vitamin D group had 
1.9% and 2.6% higher BMD at the left and right femoral 
neck, respectively, compared to the placebo group.32 In 
another trial in 15 subjects (13 women and 2 men, mean 
age of 75 years) with vitamin D insufficiency and pri-
mary hyperparathyroidism, after successful treatment 
of  vitamin D insufficiency in all subjects, significant 
improvement were observed at hip and spinal BMD, 
even in five subjects with persistent inappropriate pro-
duction of PTH.33

18.3.2.2 � Vitamin D and Calcium 
Supplementation Comparing  
to Calcium Alone

Several studies have shown that supplementation with 
both calcium and vitamin D reduced the rate of bone 
loss compared to placebo.34,35 However, trials compar-
ing supplementation of calcium plus vitamin D and 
supplementation of calcium alone have yielded con-
flicting results. In a 1-year trial in 249 postmenopausal 
women living at Boston (Latitude 42°) who received 
377  mg of calcium and either placebo or 400  IU of 
vitamin D, it was found that vitamin D supplementa-
tion could reduce spinal bone loss in winter signifi-
cantly (vitamin D −0.54%, Placebo −1.22%, p = 0.03).36 
In contrast, in another trial with 280 healthy Black 
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postmenopausal women aged 50–75 years where all 
women received calcium supplementation to ensure a 
total calcium intake of 1,200–1,500 mg/day, vitamin D 
supplementation (800  IU for the first 2 years and 
2,000 IU for the third year) showed no effect on bone 
loss or bone turnover markers.37

The effects of vitamin D and calcium and calcium 
alone had been compared in elderly Australian women 
with low vitamin D status in a 1-year randomized, 
double-blind, placebo-controlled trial. The study sub-
jects were 302 elderly women aged 70–90 years with 
serum 25(OH)D concentrations less than 60 nmol/L.38 
They were randomized to receive either calcium 
1,000  mg alone or 1,000  mg calcium plus 1,000  IU 
vitamin D

2
 per day. The average calcium intake at 

baseline was 1,000  mg/day and 25(OH)D was 
44.7 nmol/L. Serum 25(OH)D increased in the vita-
min D group by 34%, but not the placebo group after 
1 year (59.8 vs. 45.0 nmol/L, p < 0.001). Total hip and 
total body BMD increased significantly during the 
study with no significant difference between the treat-
ment groups (Hip BMD change: vitamin D +0.5%, 
control +0.2%; Total body BMD change: vitamin D 
+0.4%, control +0.4%). Therefore, this short-term 1 
year study showed that vitamin D

2
 1,000  IU has no 

extra beneficial effect on bone structure over an addi-
tional 1,000 mg of calcium even in patients with low 
vitamin D status.

18.3.2.3 � Long-Term Intervention Study

Most of the vitamin D intervention studies were less 
than 2 years. The long-term effects of calcium with or 
without vitamin D on hip BMD were evaluated in a 
5-year randomized controlled double-blind trial of 120 
community-dwelling Australian women aged 70–80 
years.39 During the 5-year study, subjects received cal-
cium 1,200 mg/day with placebo or 1,000 IU/day vita-
min D

2
 or double placebo. At year one, hip BMD was 

preserved in the group that received both calcium and 
vitamin D (−0.17%) or calcium alone (0.19%), but not 
the control group (−1.27%). Whereas at years 3 and 5, 
hip BMD was only maintained in the group that 
received both calcium and vitamin D (Fig. 18.1). The 
beneficial effects were mainly in those with baseline 
25(OH)D levels below the median (68  nmol/L) 
(Fig. 18.2).

18.3.3 � Vitamin D Effects on Calcium 
Absorption, PTH, and Bone 
Turnover in Older Adults

It has been shown that in postmenopausal women, the 
true fractional absorption rate was significantly higher 
in those with 25(OH)D concentrations averaging 
86 nmol/L than those averaging 50 nmol/L (35.3% vs. 
22.5% of the 500  mg calcium load, p < 0.01).40 
However, in the 1-year study with elderly Australian 
women with low vitamin D status who received either 
1,000 mg calcium per day alone or 1,000 mg calcium 
and 1,000  IU vitamin D

2
, the increase in 25(OH)D 

achieved with vitamin D supplementation had no extra 
effect on active fractional intestinal calcium absorp-
tion, which fell equally in both groups (vitamin D 
−17.4%; control −14.8%) (Fig.  18.3).38 Similarly, in 
the 5-year intervention study with elderly Australian 
women, the calcium absorption rate of both calcium 
alone and calcium and vitamin D groups, but not the 
placebo group, reduced significantly at 24 months 
compared to baseline.39 Both studies indicated that 
vitamin D does not enhance intestinal calcium absorp-
tion at high calcium intakes in older people.

In the 3-year trial in Black postmenopausal women37 
and the 1-year trial with elderly Australian women 
with low vitamin D status,38 vitamin D and calcium 
supplementation showed no effects on bone turnover 
markers compared to calcium alone. The later trial also 

2

1

0

–1

–2

–3

–4
0 10 20 30 40 50 60

Months

T
o

ta
l h

ip
 B

M
D

 %
 c

h
an

g
e

fr
o

m
 b

as
el

in
e

a,b
a

a

Fig. 18.1  Percent change (mean ± SE) relative to baseline in 
total hip BMD in a 5-year trial with elderly Australian women. 
Ca group (open circle) Ca + vitamin D group (filled circle) 
Control group (open square); (a) p < 0.05 Ca + vitamin D group 
Cf Control group; (b) p < 0.05 Ca group Cf Control group (repro-
duced from Zhu et al39)



132 K. Zhu and R.L. Prince

did not show an effect on PTH. In the 5-year study 
with elderly Australian women, at year one, both the 
groups that received both calcium and vitamin D and 
calcium alone had lower plasma alkaline phosphatase 
(calcium: −6.8%, calcium and vitamin D −11.3, 
p £ 0.02) and urinary DPD/Cr ratio (calcium: −28.7%, 
calcium and vitamin D −34.5%, p £ 0.05) compared to 

the placebo group.39 However, at 5 years, this suppres-
sion was only maintained in the group that received 
both calcium and vitamin D supplementation, indicat-
ing that the long-term beneficial effects on bone den-
sity of addition of vitamin D to calcium is probably 
mediated by a long-term reduction in bone turnover 
rate. This study also found that the group that received 
both calcium and vitamin D had significantly low PTH 
levels compared to the placebo group at 3 and 5 years 
(27.8% and 31.3%, p £ 0.005) in those subjects with 
high baseline PTH levels.39

18.3.4 � Summary

Older people are at increased risk of inadequate vitamin 
D production in the skin because of reduced sun expo-
sure and the reduced ability of the skin to synthesize 
vitamin D.41 The resulting low vitamin D status may 
have negative effects on the maintenance of bone mass. 
Considering that vitamin D supplementation could 
reduce the risk of falling42 and a meta-analysis that 
showed that vitamin D supplementation between 700 
and 800 IU/day could reduce the risk of hip fracture by 
26% and nonvertebral fracture by 23% in ambulatory or 
institutionalized elderly,43 calcium and vitamin D sup-
plementation should be recommended to all postmeno-
pausal women and elderly men as first-line treatment 
for improving bone health and preventing fracture.
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18.4 � Conclusions

Puberty is a critical period for bone mineral accretion. 
Cross-sectional, prospective, and intervention studies 
have shown a positive association between vitamin D 
status and bone mass in adolescent girls aged up to 16 
years. Such association was not observed in studies in 
prepubertal children, older adolescents, and young 
adults, indicating that vitamin D is more important 
during pubertal years when there is greater demand for 
calcium to meet the mineralization requirement of the 
growing skeleton. In older adults, a number of cross-
sectional studies have shown that higher vitamin D 
status was related to higher bone mass. Intervention 
studies with vitamin D alone have only shown effects 
in older subjects and those with low vitamin D status. 
Short-term studies comparing supplementation of both 
calcium and vitamin D and calcium alone have shown 
conflicting results, which may be related to subjects’ 
calcium intake. A long-term 5-year study has shown 
that the effects of calcium and vitamin D, but not cal-
cium alone on hip BMD, were maintained at 5 years, 
which was probably mediated by the long-term reduc-
tion in bone turnover rate in the group that received 
both calcium and vitamin D.

In conclusion, vitamin D deficiency and insuffi-
ciently may result in suboptimal bone mineral accre-
tion during growth and increased bone loss in later 
life.  Maintaining adequate vitamin D status through 
increased sunlight exposure or taking vitamin D sup-
plement should be recommended throughout life for 
the maintenance of bone health.
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19.1 � Introduction

This chapter details the different methods used in the 
study of dietary patterns, covering the advantages and 
disadvantages of the general approach. It includes 
methodological considerations with regard to generat-
ing dietary patterns and gives examples of where the 
dietary pattern approach has been used to help further 
our understanding of diet and disease. Finally, it high-
lights examples of the application of the dietary pat-
tern approach in more novel situations.

Research into nutrition and bone health is domi-
nated by the nutrients calcium and vitamin D, which is 
partly historical because of the clear effects these 
nutrients have in the cure and prevention of rickets. 
Recently, the research focus has widened to include 
other nutrients: magnesium, vitamin K, and protein. 
There has been increased interest in the nutrients asso-
ciated with fruits and vegetables. The benefits on bone 
health have been attributed either to their acid-
balancing properties or the nutrients they contain, 
including minerals (calcium, magnesium, potassium, 
silicon, and boron), vitamins (vitamin C, vitamin K, 
and folate), and other potential bioactive compounds 
such as flavonoids and phytoestrogens. However, 
focusing on nutrients may not be the ideal way to study 
the effects of diet on disease. People do not eat sepa-
rate nutrients and most of us eat a mixture of different 
foods which make up our diet. There are a number of 

reasons why the single nutrient or single food approach 
may be flawed.

First, there is the issue of the accuracy of the food 
composition database that is used in the analysis of the 
dietary data for generating nutrient intakes. This can be 
avoided when food intake is studied. We know that the 
food matrix can affect the absorption of nutrients, for 
example, calcium can reduce the absorption of iron. 
There are also numerous examples of nutrients where 
the form of the nutrient available “off-the-shelf” may 
not be the same as the form that is found in food. Folate 
is produced and sold as folic acid because that is the 
form of the nutrient that is most stable. However, there 
are many different forms of folate in foods. Similarly, 
the mineral silicon is found as silica, which is not bio-
available, or as orthosilicic acid, the form of silicon 
that can be readily absorbed (Table  19.1). Perhaps, 
most important is the issue of colinearity of nutrients, 
which exists because many nutrients have common 
food sources. For example, dietary intake of potassium 
may be a marker for magnesium or many other nutri-
ents associated with fruit and vegetable intake.

For these reasons, it is important to consider intakes 
of foods, not just nutrients. Still, one has to be careful 
when investigating a single food or food group because 
this can still give misleading results. If a subject has a 
higher intake or increases the intake of one type of 
food, it is likely that intakes of other foods will be dif-
ferent or change (i.e., lowered or decreased) in order to 
compensate for the difference or change in energy 
intakes. If there is no compensation, then overall 
energy intakes will be higher or increase. These prob-
lems can be avoided if one examines the diet as a 
whole. The challenge is to be able to manage the large 
of amount of data that is generated when analyzing 
what people eat.
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19.2 � generate Dietary Patterns (table 19.2)

19.2.1 � Non-computer-Generated 
Approaches

Dietary patterns can be obtained using an intuitive 
approach. The investigator decides which groups should 
be combined (e.g., summing intakes of different types 
of meat (pork, beef, lamb) for total meat) and how many 
food groups should be included in the dietary pattern. 
The dietary patterns themselves are defined by the 
investigator. The investigator may use national dietary 
guidelines as the basis of a dietary pattern and score 
foods according to how much they represent the healthy 
eating pattern. This approach has been used to show 
how adhering to dietary recommendations is associated 
with reduced mortality1.

19.2.2 � Common Computer-Generated 
Approaches

More recently, specific data reduction techniques have 
been employed to generate dietary patterns. The two 
methods most widely used are cluster analysis and fac-
tor analysis. They can be found as features of common 
statistical software packages (e.g., SPSS, SPSS Inc., 
Chicago, US). The factor analysis technique used in 
most studies is principal components analysis (PCA), 

Nutrient Nutrient forms available

Folic acid 
(folate)

Monoglutamyl folate (folic acid)
5-methyltetrahydrofolate
5,10 methylenetetrahydrofolate
5,10 methenyltetrahyrdofolate
10-formyltetrahydrofolate
Folates have glutamyl side chains of 
differing lengths

Vitamin E Gamma tocopherol (gamma  
is 7,8-dimethyl)
Alpha tocopherol (alpha  
is 5,7,8-trimethyl)
Beta tocopherol (beta is 5,8-dimethyl)
Delta tocopherol (delta is 8-methyl)
Tocotrienes (available in alpha, beta, 
gamma and delta forms)

Vitamin K Phylloquinone (vitamin K1)
Menaquinones (vitamin K2)
Menadione (synthetic, vitamin K3)

Carotenoids Alpha carotene (provitamin A)
Beta carotene (provitamin A)
Beta cryptoxanthin (provitamin A)
Lycopene
lutein
zeaxanthin

Silicon Silica (silicon dioxide), silicates
monosilicic acid (orthosilicic acid), (Si(OH)

4
)

Vitamin D Cholecalciferol (vitamin D3)
Ergocalciferol (vitamin D2)
A number of metabolites of  
vitamin D3 are found in meat

Table 19.1  examples of the different forms of particular nutrients 
in food

There are many bioactive compounds present in plants and there 
are different metabolites of vitamins in animal products

Method Comment

Manually derived

Intuitive Investigator defines the dietary pattern

Targeted Predefined dietary patterns usually based on recommended dietary guidelines

Computer software-derived

Cluster analysis Data reduction technique. Subjects are sorted (clustered) based on dietary intakes

Factor analysis Data reduction technique. Principal components analysis. The aim is to explain the maximum 
amount of variance in the diet with the minimum number of factors derived from the dietary 
variables

Reduced rank regression Similar to principal components analysis, but the aim is to explain the maximum amount of 
variance in a marker of health or disease with the minimum number of dietary variables

Other

Partial least squares analysis Not a data reduction technique, but helps define which components of the diet are most  
important in relation to a marker of disease outcome

Table 19.2  Summary of different approaches to generate dietary patterns
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and further details on methodological considerations 
regarding PCA are given in Sect.  19.2.4 of this 
chapter.

In cluster analysis, it is the people or cases that are 
sorted or clustered. For example, people who eat large 
amounts of fruit and small amounts of meat will clus-
ter differently from people who eat small amounts of 
fruit and large amounts of meat. The disease trait (e.g., 
bone mineral density) or disease outcome (e.g., frac-
ture) is then compared between the different dietary 
clusters. For PCA, the focus is on the dietary data (the 
independent variable), not the subjects or cases. PCA 
is concerned with the total variance in the diet, and 
highly correlated variables are converted to compo-
nents or factors. The aim of this technique is to explain 
the maximum amount of variance by the minimum 
number of factors.

19.2.3 � Other Computer-Generated 
Approaches

Reduced rank regression and partial least squares 
(PLS) analysis are newer statistical methods that can 
be used to explore dietary patterns. In reduced rank 
regression, the diet is regressed on an outcome vari-
able. It is similar to PCA, but whereas for PCA the aim 
is to generate dietary components that explain the 
maximum variation in diet, the aim of reduced rank 
regression is to generate dietary components that 
explain the maximum amount of variation in a set of 
biomarkers.

In PLS analysis, the dietary variables (food groups) 
and outcome measures (the disease traits, e.g., blood 
pressure, bone mineral density) are combined and the 
relationships between the food groups and the outcome 
markers are quantified.

19.2.4 � Methodological Considerations in 
Principal Components Analysis

The objective of PCA is to explain the maximum 
amount of variation with the minimum number of vari-
ables. In case of diet, the statistical analysis packages 
can produce factors from the complete range of foods 

that are recorded for a particular study. However, to 
help interpret the results, most investigators do not 
include each individual food that is eaten by each sub-
ject. Instead, they group foods according to similarity, 
and this is done prior to the statistical data reduction. 
Therefore, there is a subjective element to this method, 
regarding the initial choice of food groups. Energy 
intake is considered a confounder when studying the 
different aspects of the diet, and energy adjustment is 
routinely done when studying the influence of nutrient 
intake on health or disease outcome. Using this ratio-
nale, most studies investigating dietary patterns have 
the foods “energy-adjusted,” usually by regressing the 
food on energy intake.2

19.3 � Choice of Food Groups

Table 19.3 shows typical food groupings that can be 
made prior to the data reduction step. The choice of 
groupings may change from study to study, depending 
on the types of food eaten in the population under 
investigation, but the main groupings are often compa-
rable. Although it is harder to interpret the output, it is 
worthwhile rerunning PCA with the ungrouped foods 
to check that the dietary patterns generated from both 
approaches are similar. The category of miscellaneous 
foods is sometimes problematic, because there is a 
danger that unlike foods may be grouped together 
inappropriately. Tomato sauce may be combined with 
mayonnaise or salad dressing, but there could be an 
argument for tomato products to be included as a fruit 
and vegetable item. Similarly, nuts and crisps are nutri-
tionally quite different, but often combined as snack 
item. Even foods that appear to belong to a particular 
group may better be considered separately, for exam-
ple, tinned (canned) fruit could be considered as a 
separate group from total fruit.

19.4 � Interpreting the Statistical Output

Scree plots help us to assess whether the data reduction 
technique has achieved its aim. The scree plot is a graph 
of the variance explained vs. the number of factors that 
are generated by the data reduction technique. It is usu-
ally characterized by a steep slope at the start, which 
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then levels off (Fig. 19.1). This indicates that the first few 
factors explain most of the variance in the data. If the 
slope is linear, it suggests that each factor in turn explains 
a small amount of the variance and there is no advantage 
over examining the dietary groups individually.

Tables are produced showing the score for each 
food group with regard to each factor or particular 
dietary pattern. The score can be negative or positive 
and cut-offs can be defined for ease of interpretation. 
Usually, cut-offs of 0.2–0.3 are employed so that scores 
below these values are not shown in the score table. 
This makes it easier to see which food groups are the 
main contributors to each factor or dietary pattern. The 
cut-off does not remove these data from the analysis, 
but the absence of the minor-contributing foods helps 
the investigator to distinguish the type of diet for each 
factor.

19.5 � Studies Involving Dietary Patterns

19.5.1 � Dietary Patterns from Different 
Countries

Although foods eaten around the world can be quite 
different, the patterns generated often fall into two 
types, arbitrarily labeled by investigators as – the 
healthy, prudent, or traditional diet and the unhealthy, 
“westernized,” processed food diet (Table  19.4). 
Comparison between four different European coun-
tries showed that two main dietary patterns – one with 
high consumption of salad vegetables and the other 
with high consumption of pork, processed meat, and 
potatoes – were similar.3

19.5.2 � Dietary Patterns and Chronic 
Disease

The dietary pattern approach has been used to define 
relationships between diet and mortality4,5 and with 
many chronic diseases or conditions including heart 
disease,6,7 blood pressure,8 diabetes,9,10 cancer, 11–14 and 
with lipid biomarkers.15 When dietary patterns were 
examined in the Multi-Ethnic Study of Atherosclerosis 
(MESA), only processed meat intake was found to be 
associated with telomere length.16

Table 19.3  Examples of food groupings prior to data reduction

Foods Food groups

Lamb, beef, pork Red meat

Beefburgers, sausages, ham Processed meat

Chicken Poultry

Herring, mackerel, salmon Oily fish

Cod, haddock, plaice White fish

Eggs Eggs

Yogurt, milk Low fat milk and milk  
products

Cheese, cream High fat milk products

Weetabix, Rice Krispies, 
Special K, porridge

Breakfast cereals

Spaghetti, pasta, rice Rice and pasta

White bread, brown bread, 
bread rolls

Bread

Apples, oranges, raspberries, 
mango

Fresh fruit

Canned peaches, pears Canned fruit

Prunes, sultanas, raisins Dried fruit

Orange juice, apple juice Fruit juice

Jacket potatoes, mashed 
potatoes, chips

Potatoes

Carrots, parsnips, swede Root vegetables

Broccoli, green beans Green vegetables

Tomatoes, peppers, cucumber Salad vegetables

Biscuits, cakes, puddings Sweets

Chocolates, sweets Confectionery

Butter, hard margarine, lard High fat spread

Low fat margarine Low fat spread

Tea Tea

Coffee Coffee

Cola, coke, lemonade Carbonated beverages

Diet coke, diet lemonade Diet carbonated beverages

Red wine, white wine Wine

Beer, lager Beer

Vodka, gin, whisky, port Spirits

Crisps and nuts Savory snacks

Jam, honey, sauces, mayonnaise Miscellaneous

The list is not exhaustive. Some foods (e.g., bread, pasta and 
rice) may be split into wholemeal and white
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19.5.3 � Dietary Patterns and Bone Health

At the 2000 ISNAO meeting, we reported the associa-
tion of food groups with bone loss in perimenopausal 
and early postmenopausal women.17

There are four published studies that have investi-
gated the dietary patterns generated by data reduction 
techniques in relation to bone health. Tucker et al used 

cluster analysis in the Framingham study, to generate 
six key patterns.18 Men in the fruit, vegetable, and 
cereal group had higher BMD compared to men in the 
candy group, and women in the candy group had lower 
BMD at the radius compared to women in the other 
dietary groups. Okubo et al used PCA in their study of 
Japanese farmwomen.19 They found that a healthy 
dietary pattern (high intakes of green and yellow veg-
etables, mushrooms, fish and shellfish, processed fish 
and fruits) was associated with BMD, whereas there 
was a trend for a “Western” dietary pattern (high 
intakes of fats; oil, meat, and processed meat) to be 
inversely associated with BMD. Also, a recently pub-
lished study involving Greek women used PCA to 
identify ten dietary patterns.20 The dietary pattern that 
was characterized by high consumption of fish and 
olive oil and low intakes of red meat was associated 
with LS BMD and total body BMD.

A prudent dietary pattern (generated by PCA) in late 
pregnancy was predictive of the child’s bone mineral 
density at the age of 9 years.21 The prudent diet was char-
acterized by high intakes of fruits, vegetables, whole-
meal bread, rice, and pasta, and low intakes of processed 
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Fig. 19.1  Example of Scree 
plots generated using 
principal components 
analysis (PCA)

Prudent/healthy diet Western/unhealthy food diet

Foods with positive  
factor loadings
  Fruit
  Vegetables
  Fish
  Pasta/cereal

Foods with positive factor  
loadings
  Processed meat
  Red meat
  Fats/oil
 � Cakes/desserts/confectionery 
products

Foods with negative  
factor loadings
  Red meat
  Processed meat products

Table 19.4  Typical examples of two dietary patterns
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food. The same dietary pattern in early pregnancy was 
not significantly associated with BMD in the child.

In addition, data from the Aberdeen Prospective 
Osteoporosis Screening study show associations with 
BMD and bone resorption markers (Hardcastle et al, 
submitted). A summary of the studies that show an 
association between dietary patterns and markers of 
bone health is given in Table 19.5.

Recently, the dietary modification trial of the wom-
en’s health initiative study (which involved 48,835 post-
menopausal women aged 50–79 years) found that an 
intervention diet requiring lower intakes of fat and 
increased fruits, vegetables, and grains modestly reduced 
the risk of multiple falls and slightly lowered hip BMD, 
but did not affect the risk of osteoporotic fractures.22

19.6 � Novel Approaches

Most of the work done, so far, on dietary patterns has 
focused on reducing the information collected for the 
whole diet in some way and then relating that informa-
tion to health outcomes. The dietary pattern approach 
can be widened to include other aspects for the study 
of diet and disease.

19.6.1 � Within Food Groups

Alcohol drinking patterns were associated with risk 
factors for atherosclerosis in men in France.23 In the 
US, beer-drinking in men and wine-drinking in women 
were associated with improved BMD.24

The PLS method can highlight what foods contrib-
ute the most to a particular dietary pattern. This tech-
nique can be exploited further to study foods within 
food groups. For example, PLS can be used to examine 
which fruit or vegetable may be important in the rela-
tionship between fruit and vegetable intake and mark-
ers of bone health (Hardcastle et  al, submitted). 
Figure 19.2 shows a typical output from PLS analysis. 
The “variable importance plot” shows that oranges, 
peppers, green vegetables, salad, tomatoes, onions, 
grapes, apples, and tomatoes were important in the 
maintenance of spine BMD in premenopausal and 
perimenopausal women.

19.7 � Timing of Food Intake

The time of day when a food is eaten and the intervals 
between meals may affect bone metabolism. Calcium 
taken in the evening appears to suppress bone turn-
over, whereas this does not happen if supplements are 
taken in the morning.25 There is debate as to whether 
this is beneficial for bone health, because the normal 
circadian rhythm is for parathyroid hormone to 
increase overnight and in postmenopausal women, 
who lose bone at a faster rate, this overnight rise is 
blunted. Work on rats has shown that food fraction-
ation (dividing the daily food intake into portions) 
maintains bone mineral content, 26–28 an effect that 
appeared to be mediated by PTH.29 The authors sug-
gested that if this situation applied to humans, then 
“frequent small meals of appropriate composition may 
help prevent osteoporosis.” Clowes and coworkers 
found that bone turnover makers were suppressed after 
giving glucose orally and that octreotide, an inhibitor 
of gastrointestinal hormone production, abolished the 
bone turnover response to glucose intake, and that 
PTH secretion increased.30 They suggested that the 
change in bone turnover which occurs on feeding is 
probably mediated by an octreotide-inhibitable endo-
crine factor.

In the current climate of increasing obesity, there is 
interest in the timing of food intake in relation to sati-
ety.31–33 Much of the work involves categorizing 
macronutrient intakes, for example, according to how 
much is consumed at fixed times of the day.34 An 
alternative approach is to use the data reduction tech-
niques that have been employed in investigating 
dietary patterns. One can use either the time of day, 
intermeal interval, or meal number. Preliminary work 
shows that this approach is promising (Macdonald 
et al manuscript in preparation), but there are limita-
tions for each of the three methods: (1) The arbitrary 
cut-off regarding the time of day may mean that 
lunchtime for one individual is placed in a different 
category compared to where lunchtimes are placed for 
other individuals; (2) similar intermeal intervals may 
apply to different times of day; and (3) depending on 
the number of meals eaten, the third meal of the day 
may be midmorning snack for one person, but the eve-
ning meal for another. It is likely that a combination 
of approaches may be required.
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Study n Subjects Statistical  
analysis method

Dietary patterns Outcome

Tucker et al18 907 Older men and  
women (Framingham  
study) age 69–96  
years, US

Cluster analysis:  
six patterns  
from FFQ

(1) Meat, dairy, and  
bread (2) meat and  
sweet baked products  
(3) sweet baked  
products (4) alcohol  
(5) candy (6) fruits,  
vegetables, and cereal

Men with a dietary  
pattern rich in candy diet  
had lower BMD than  
those with a dietary  
pattern characterized by  
high intakes of fruits,  
vegetables and cereal  
(p < 0.05) after 
adjustment for 
confounders

Okubo et al19 291 Premenopausal  
farmwomen age  
40–55 years, Japan

PCA: four  
patterns from  
diet history  
questionnaire

(1) Healthy: vegetables,  
fruits, fish, and  
mushrooms (2)  
traditional Japanese (3)  
Western: fats and oils,  
meats and processed  
meat (4) Beverage and  
meats

The healthy pattern was  
associated with BMD  
(p < 0.05) and there was  
a trend for the Western  
diet to be inversely  
associated with BMD  
(p = 0.08) after adjust 
ment for confounders

Kontogianni et al20 220 Adult women mean  
age 48 ± 12 years  
(50:50 premeno-
pausal and peri-/ 
postmenopausal),  
Greece

PCA: ten  
patterns from  
3-day food  
records

(1) Dairy, cereals, red  
meat, and olive oil (2)  
vegetables, fruits, and  
olive oil (3) fish, olive  
oil (low red meat/  
products) (4) Poultry  
and nuts (low red meat/  
products) (5) alcohol  
(6) legumes (7) sweets  
8) fruit drinks (9) coffee  
(10) soft drinks

A pattern characterized  
by high consumption of  
fish and olive oil and low  
intake of red meat was  
positively associated  
with LS BMD  
(p = 0.017) and total  
body BMC (p = 0.048).  
Scores for adherence to  
the Mediterranean diet  
were not associated with  
bone health

Cole et al21 198 Pregnant mothers age  
17–43 years, UK

PCA: unknown  
number of  
patterns from  
FFQ. Details of  
one pattern were  
reported

(1) Prudent diet: fruits  
and vegetables,  
wholemeal bread, rice  
pasta, yogurt, cheese,  
fish, and milk.

The prudent diet in late  
pregnancy was  
associated with BMC  
and areal BMD of the  
offspring at the age of  
9 years (p = 0.04 after  
adjustment for  
confounders)

Hardcastle et al 3226 Postmenopausal  
women, age 50–59  
years, UK

PCA: five  
patterns from  
FFQ. Partial  
least squares  
analysis was  
used to  
determine which  
food groups  
were important  
contributors to  
bone health

(1) Healthy diet: fruits, 
vegetables, and rice/
pasta (2) Processed food 
diet: processed foods, 
cakes, and desserts (low 
intakes of bread and fats/
oils (3) Bread and butter 
diet: bread and fats/oils 
(low red meat and 
liquor) (4) Fish and fries 
diet: fish, fish dishes, 
potatoes, bread, and fats/
oils (5) Nondairy diet: 
confectionery, chips/
nuts, and sauces (low 
milk intakes)

The healthy diet was  
associated with  
decreased bone  
resorption (urinary  
pyrridinoline cross-links)  
(p < 0.001). The  
“processed foods” diet  
and “nondiary” diet were  
associated with lower  
hip and spine BMD  
(p < 0.001 after  
adjustment for  
confounders)

Table 19.5  Summary of recent studies involving dietary patterns and bone health

PCA principal components analysis; FFQ food frequency questionnaire; BMD bone mineral density; LS lumbar spine; BMC bone 
mineral content
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19.8 � Conclusions

The study of dietary patterns is useful because it avoids 
problems that are encountered when studying nutrients 
only, namely, colinearity of nutrients, database accu-
racy, and interaction between nutrients which affects 
their bioavailability. It may also help focus future stud-
ies: if we find that a particular dietary pattern is domi-
nated by a particular food group that may be rich in 
certain nutrients, then studies can be designed to inves-
tigate this further. The dietary pattern approach used 
alone does not help us understand why particular foods 
may be beneficial for health or assist us in defining the 
underlying mechanisms.

In conclusion, ietary patterns may be helpful in 
focusing future research and when used together with 
a nutrient-based approach, they could help further our 
knowledge in elucidating the role of nutrition on health 
and the prevention of chronic diseases.
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20.1 � Introduction

Stress fractures are common among young female 
competitive athletes, especially among those partici-
pating in track and field. There are limited data that 
suggest that disordered eating, low calcium and dairy 
product intake, and low dietary fat intake may be related 
to stress fracture incidence.1–10 Numerous dietary fac-
tors have been hypothesized to relate to BMD includ-
ing calcium, vitamin D, phosphorous, potassium, 
vitamin C, fiber, protein, fat, and iron. However, few 
longitudinal studies have examined the role of diet on 
skeletal health in female endurance athletes, although 
this population may have unique nutritional require-
ments because of their intense physical activity. 
Potential interactions among foods in the diet may limit 
the evaluation of single nutrients and bone health. 
Therefore, it is important to consider the impact of food 
groups and dietary patterns of the whole diet on bone 
health. The goal of this study was to identify potential 
nutritional factors and dietary patterns that predict 
stress fractures and change in BMD in young female 
long-distance runners.

20.2 � Methods

The population was 150 runners who were recruited 
from cross-country teams, running clubs, and road race 
participants. There were 125 (85%) women who pro-
vided some follow-up information. The inclusion crite-
ria were that women had to run ³40 miles per week, 
compete in races, and should not have used oral contra-
ceptives within the past 6 months. This dietary analysis 
was within a randomized trial of OC or no intervention 
for 2 years on BMD and stress fracture. Age, race/eth-
nicity, and age at menarche were recorded. Based on 
the number of menstrual cycles, they were classified as 
normal (>9 cycles/past year), oligomenorrheic (4–9 
cycles/past year), or amenorrheic (<4 cycles/past year). 
A modified version of the 97-item National Cancer 
Institute Health Habits and History food frequency 
questionnaire11 was used, with the inclusion of addi-
tional food items12. The 97 food items were categorized 
into 30 food groups and the total intake (g/day) of each 
food group was calculated by summing the intakes of 
food items. Body composition, BMC and BMD at the 
femur, spine, and whole body were measured by 
Hologic, DXA. Height and weight were measured and 
body mass index (BMI) (kg/m2) was calculated. Stress 
fractures were self-reported and then confirmed by 
X-ray, bone scan, or magnetic resonance imaging to be 
counted in this study. Cox proportional hazards models 
were used to compute adjusted hazard ratios for the 
rate of a first stress fracture during follow-up as calcu-
lated among those with a given nutrient intake divided 
by the rate among those with a referent nutrient intake. 
Adjusted annual rates of change of BMD and BMC by 
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nutrients and beverages were estimated from linear 
mixed models, adjusted for clinical site, age, annual 
menses, and treatment assignment in the randomized 
trial. Dietary patterns were derived by reduced rank 
regression, an analysis that determines linear functions 
of predictors (foods) by maximizing the explained 
variation in responses (nutrients hypothesized, a priori, 
including calcium, vitamin D, phosphorous, potas-
sium, vitamin C, fiber, protein, fat, and iron).

20.3 � Results

At baseline, the average age was 22 years upon entry 
and 83% were Whites. The percent body fat was 18% 
in these runners who ran an average of 34 miles per 
week. Mean spine BMD z-score was 0.56 and mean 
hip BMD z-score was 0.31 and one third of the woman 
reported a history of a stress fracture. An 8% of women 
had amenorrhea and 26% had oligomenorrhea. The 
average intake for all nutrients met or exceeded the 
recommendations except for potassium and phospho-
rus. Dietary pattern 1 was correlated with the follow-
ing foods or nutrients: high dairy (r = 0.94), low fat 
(r = −0.36), and high protein (r = 0.42) consumption. 
Dietary pattern 2 was correlated with high fruit and 
vegetable (r = 0.76), high fiber (r = 0.61), high protein 
(r = 0.24), and low fat consumption (r = −0.23).

There were 18 fractures in 125 women or 14.4% 
fractured over 2 years. The skeletal sites of the stress 
fractures were the tibia (n = 10), foot (n = 5), femur 
(n = 2) and pelvis (n = 1). We found that higher intakes 
of calcium, skim milk, milk, and servings of dairy 
products per day were each related to a reduced rate of 
stress fracture, although the strongest protection was 
from higher skim milk consumption. Every additional 
cup of skim milk consumed per day was associated 
with a 62% reduced fracture risk. A diet pattern with 
high dairy and low fat was associated with a 68% 
reduction in stress fracture risk.

Calcium intake was positively related to the annual 
gains in BMD of the spine, hip, and total body as 
well as total body BMC. For every standard deviation 
increase in calcium intake (approximately 600  mg), 
women gained an additional 0.0022 g/cm2 in hip BMD, 
0.0025  g/cm2 in total body BMD, and 6.6  g in total 
body BMC annually. Skim milk, total milk intake, and 
number of servings of dairy products per day predicted 

gains in hip BMD and whole-body BMC. Vitamin D 
intake predicted gains in spine and hip BMD. Animal 
protein, a component of milk, predicted gains in whole-
body BMD and BMC. There was a positive relation-
ship between increased intake of potassium and 
significant increases in BMD of the hip and whole-
body BMC. For every standard deviation increase in 
potassium (approximately 900 mg), there was a gain of 
6 ± 2.3 g per year in total body BMC. Using the dietary 
patterns that resulted from the reduced rank regression 
analysis, we found that individuals with diets high in 
dairy and low in fat had a greater annual increase in hip 
BMD, and individuals with diets high in fruits, vegeta-
bles, and fiber and low in fat consumption had sig
nificantly greater increases in whole-body BMD and 
BMC. All data were further stratified by menstrual 
regularity vs. irregularity in order to evaluate the joint 
effects of menstrual function and diet. Consumption of 
dairy products predicted positive change in hip BMD 
in both menstrual groups. Calcium intake predicted 
positive bone changes in women with both regular and 
irregular menstrual function, although the magnitudes 
of the changes were higher in the irregularly menstru-
ating women. The positive effect of animal protein on 
total body bone was confined to irregularly menstruat-
ing women. This suggests that nutritional intake may 
be more critical in irregularly menstruating women.

20.4 � Discussion

The results of our study indicate that in young female 
runners, higher intakes of calcium, skim milk, and 
dairy products were associated with lower rates of 
stress fracture. In fact, a diet pattern with high dairy 
and low fat consumption was associated with a 68% 
reduction in stress fracture. In addition, modest 
increases in total body BMD and BMC were associ-
ated with higher intakes of skim milk, dairy foods, cal-
cium, animal protein, and potassium. Small increases 
in hip BMD were associated with higher intakes of cal-
cium, vitamin D, skim milk, dairy foods, potassium, 
and a dietary pattern of high dairy and low fat. There 
were strengths and limitations associated with this 
analysis. This was a relatively small sample size with a 
specific population of runners. There is a possibility of 
uncontrolled or unmeasured confounding. It is possi-
ble that menstrual irregularity or OC use may modify 
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the effect of diet, although we have controlled for these 
variables in the analyses. In fact, stratified analysis 
showed slightly stronger associations with diet and 
change in BMD in those individuals with menstrual 
irregularity. There is a potential for problems in dietary 
recall and there was limited detail on dietary informa-
tion (e.g., cola, sodium, caffeine). It is possible that 
some unmeasured aspects of bone strength may be 
involved. Several findings of individual nutrients (e.g., 
potassium) need to be further explored, but are sup-
ported in this study by diet pattern analysis, showing 
the importance of a diet high in fruits and vegetables.

We conclude that, an overall healthy diet, with low 
fat milk to provide adequate calcium, vitamin D, and 
sufficient in fruits and vegetables may provide the 
greatest skeletal benefit to cross-county runners.
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21.1 � Introduction

Poor physical performance in the elderly is related to 
falls and fractures and can easily be measured by lower 
extremity function tests such as walking speed and 
chair stands. Dietary intake is a potentially modifiable 
risk factor for improving physical performance, yet 
there is limited information regarding the influence of 
diet on physical performance. In several studies, higher 
intakes of protein, calcium, magnesium, and vitamin D 
have been related to improved physical performance in 
elderly subjects.1-3 In addition, improved leg strength 
as measured by either a faster 8-ft. walking speed test 
or a quicker timed sit-to-stand test was related to higher 
serum 25(OH)D concentrations in over 4,000 adults 
over the age of 60.4 Given that higher lean body mass 
is related to improved physical performance measures, 
it is possible that predictors of lean mass may also 
relate to performance. Increased dietary protein intake 
based on quintiles of intake between 50 and 90 g/day 
was associated with greater lean mass over 3 years in 
the Health ABC participants aged 70–79.5 In addition, 
urinary potassium excretion, as a potential marker of 
fruit and vegetable intake, was significantly and 
positively related to lean body mass.6 The objective  
of this study was to further explore the impact of 
dietary intake on physical performance in a cohort of 
1,155 community dwelling elderly. We were particu-
larly interested in a dietary pattern that would relate to 
the intake of the following nutrients: protein, calcium, 
magnesium, potassium, and vitamin D.

21.2 � Methods

The study included participants of the Washington 
Heights-Inwood Columbia Aging Project (WHICAP). 
Subjects were identified (via ethnicity and age stratifi-
cation processes) from a probability sample of Medi
care beneficiaries residing in an area of three contiguous 
census tracts within northern Manhattan. Each subject 
in this study underwent a structured in-person inter-
view including an assessment of health and function as 
well as a dietary evaluation. Each participant completed 
chair stands and a 4-m walk speed. The walk speed was 
measured as a continuous variable (time in seconds) 
using the average of the times for two walks, at usual 
pace, over a measured 4-m course. To complete the 
chair-stand test, participants were asked to rise five 
times from a seated position as quickly as possible with 
their hands folded across the chest, and performance 
was expressed as total time to complete the test.

The following were measured and considered as 
potential covariates: age (years), education (years), 
caloric intake (kcal), and body mass index (BMI) 
were used as continuous variables. Several categorical 
variables were included in the models including the 
following: ethnicity, gender, smoking status, alcohol 
consumption, and the Charlson Index of Comorbidity. 
The 61-item version of Willett’s semiquantitative food 
frequency questionnaire was administered in English 
or Spanish. The validity (using two 7-day food 
records) and reliability (using two 3-month frequency 
assessments) of this food frequency questionnaire 
have been previously reported.7 The 61 food items 
were categorized into 30 food groups on the basis of 
similarities in food and nutrient composition, and a 
total intake (gram/day) of each food group was then 
calculated by summing the intakes of member food 
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items. We applied reduced rank regression (RRR) to 
derive a dietary pattern predictive of the five specified 
nutrients. RRR is a statistical dimension-reduction 
technique similar to principal component analysis8 
that has been used in nutritional epidemiology to 
derive dietary patterns. RRR determines linear combi-
nations of a set of predicting variables (30 food 
groups) by maximizing the explained variation of a 
set of response variables (five nutrients: protein, cal-
cium, magnesium, potassium, and vitamin D).9 The 
first factor explains more response variation than any 
other linear function of predictors. The response 
scores were used as independent variables in an 
ANCOVA model for the two physical performance 
variables.

21.3 � Results

The demographics of the population studied can be 
found in Table 21.1. The average age of the people in 
this cohort was 75 years, and 31% were male. The eth-
nic groups were equally distributed between White, 
Black, and Hispanic. Almost half of the cohort had 
less than 12 years of education. Most individuals had 
at least one additional comorbidity.

The dietary patterns from RRR explained 75% of 
the total variation in nutrient intakes and 20% of the 
total variation in food intakes and one primary dietary 
pattern emerged. High loadings indicate strong asso-
ciations between the assessed variables and the dietary 
pattern. This pattern was characterized by elevated 
consumption of fruits, vegetables, legumes, poultry, 
and low-fat dairy as evident by the factor loadings 
noted in Table 21.2. Factor loadings represent the mag-
nitude and direction of each food group’s contribution 
to a specific dietary pattern score. A positive factor 
loading indicates an increase intake of the food group. 
A negative loading indicates less intake of the food 
group. Food groups in the dietary pattern with factor 
loadings >0.2 or < −0.2 are considered potentially 
important.

Correlations between the RRR dietary pattern and 
protein, vitamin D, calcium, magnesium, and potassium 
were 0.841, 0.343, 0.615, 0.864, and 0.925, respec-
tively. Individuals with greater consumption of food in 
this dietary pattern, high in fruits and vegetables, 
legumes, chicken, and low-fat dairy, had a faster walk 

speed and quicker time to complete five chair stands as 
compared to those with lower consumption of these 
food (p < 0.05 after controlling for age, gender, BMI, 
and comorbidity).

Variables
Age (years) 75 ± 5.8
Gender (% male) 31

Ethnicity
White (%) 30
Black (%) 33
Hispanic (%) 35
BMI (g/cm2) 28 ± 5.6

Education
Less than 12 years (%) 43
High school graduate (%) 23
Post high school (%) 34

Charlson score
0 16%
1 29%
2 27%
³3 28%

Table 21.1  Demographic and descriptive characteristics of the 
cohort of 1,155 elderly

Selected food groups Factor 1

Cruciferous vegetables 0.26

Dark-yellow vegetables 0.28

Green leafy vegetables 0.17

Tomatoes 0.27

Potatoes 0.21

Other vegetables 0.27

Fruits 0.32

Fruit juices 0.22

Legumes 0.22

Nuts 0.16

Fish 0.19

Poultry 0.25

Red meats 0.17

High fat dairy 0.15

Low-fat dairy 0.33

Table  21.2  Factor loading of selected dietary pattern with 
selected food groups
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21.4 � Discussion

In this elderly cohort, we found that a dietary pattern 
that is high in fruits and vegetables, legumes, poultry 
and low-fat dairy explained most of the variations in the 
five nutrients a priori chosen to be related to physical 
performance (protein, calcium, magnesium, potassium, 
and vitamin D). This dietary pattern was found to be 
related to faster walk speed and time to complete five 
chair stands, after controlling for age, gender, BMI, and 
comorbidities. There were several strengths as well as 
limitations in this analysis. This was a large cohort of 
community dwelling elderly with extensive data collec-
tion. One limitation is that little was known about diet 
and physical performance so the nutrient selection was 
based on sparse data. In addition, dietary data collec-
tion using a food frequency questionnaire is subject to 
errors, particularly vitamin D that is confounded by 
sunlight exposure. The use of RRR allows simultane-
ous evaluation of correlated nutrients; this allows a 
combination of all nutrients that are potentially related 
to physical function to be evaluated all together.

We conclude that a dietary pattern that is high in 
fruits, vegetables, legumes, poultry, and low-fat dairy 
is positively related to physical performance. A higher 
intake of components in this diet resulted in a quicker 
walk speed and faster time to complete five chair 
stands. The use of food patterns may lead to an easier 
public health message regarding the role of diet in 
physical function as well as overall health.
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22.1 � Introduction

Osteoporosis is an age-related systemic condition influ-
enced by the interaction of multiple environmental 
factors with genetics.1 Nutrition is one of the most 
important lifestyle factors that can influence bone mass 
and strength and ultimately the risk of osteoporosis. 
Although adequate calcium and vitamin D intakes are 
essential, other nutrients contained in human diet, espe-
cially in plant-derived food such as fruit and vegetables, 
deserve to be considered.2 There is a growing accumu-
lation of epidemiological, experimental, and clinical 
data indicating that higher fruit and vegetables intakes 
may positively correlate with bone health status in both 
young and older age groups.3,4 Beyond their alkaline 
nature, hypothesized to protect bone from demineral-
ization, fruit and vegetables are an important source of 
many other nutrients required for the maintenance of 
skeletal health, including magnesium, zinc, copper, 
iron, fluoride, and vitamins K, C, and A.5 Furthermore, 
the benefits of fruit and vegetables may be associated 
with the presence of bioactive phytochemical com-
pounds, such as polyphenols. The influence of specific 
polyphenols belonging to the class of flavonoids (e.g., 
genistein and daidzein from soy products, quercetin/
rutin from onions, resveratrol and kaempferol from 
grapes and red wine, (+)-catechin and epigallocatechin 
gallate from green tea, oleuropein from olives, etc.) 
have been examined primarily in animal models of 
bone loss and/or bone cell culture systems.6 Most of 

these phytonutrients, assessed for their effects on bone, 
revealed multiple beneficial actions such as promoting 
osteoblast functions, inhibiting osteoclast activities, 
and restoring bone mass and bone strength after an 
induced-bone loss. However safe, pharmacokinetic and 
bioavailability studies for these phenolic compounds 
are mostly lacking.7 As a result, clinical studies with 
pure phenolic compounds, with the exception of soy 
isoflavones, assessing bone health parameters (bone 
mineral density, bone biomarkers, and fractures risk) 
are not yet available. Because of the large number of 
molecules, there is a need to focus on the most promis-
ing polyphenols to examine end points relative to osteo-
porosis risk.8 In this context, hesperidin, a citrus 
fruit-derived flavonoid, recently appeared to be a natu-
ral compound satisfying many of the requirements for 
development as a dietary active ingredient for the pre-
vention of age-related bone loss.

This chapter will, therefore, summarize the preclin-
ical data obtained with hesperidin prior to clinical test-
ing in nutritional intervention studies in postmenopausal 
women.

22.2 � Dietary Intake, Safety, 
Bioavailability, and Metabolism  
of Hesperidin

Hesperidin (hesperetin-7-O-rhamnoglucoside; Fig. 22.1) 
belongs to the class of flavonoids called flavanones, 
which occur almost exclusively in citrus fruits and 
juices. The content of hesperetin (aglycone form 
of hesperidin) in oranges and orange juices ranges 
from 31 to 43.2 mg/100 g and from 200 to 700 mg/L, 
respectively.9,10 The daily intake of hesperidin has not 
been precisely evaluated in different populations, but 
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it could be quite high in view of the worldwide con-
sumption of citrus products (i.e., in Western countries, 
intakes of oranges range from 35 to 50 kg per person 
per year). Thus in Finland, the average daily intake per 
capita of hesperetin has been estimated to be 28.3 mg, 
equivalent to 50% of the total flavonoid intake.11,12 
Among naturally occurring flavonoids, hesperidin has 
been generally accepted to be safe due to the history of 
safe consumption. Moreover, hesperidin is commonly 
used as a combination product in traditional medicine 
for which the administration was found to result in 
minor side effects compared with placebo.13

Over the past few years, understanding of the pro-
cesses of absorption and metabolism of flavanones 
has increased. It is now established that hesperidin is 
present in citrus fruits in the form of glycoside (i.e., 
a rhamnose-glucoside bound to hesperetin in oranges) 
that cannot be absorbed in its native form. Similarly to 
other flavonoids linked to a rhamnose moiety, hespe-
ridin must reach the colon to be hydrolyzed by rham-
nosidases of the gut microflora before absorption.14 
Once absorbed, hesperetin enters the circulation as 
mammalian conjugates (typically glucuronidated, sul-
fated, and/or methylated metabolites)15,16 (Fig.  22.2). 
There are only a few studies on the bioavailability of 
flavanones in humans. Even if values may fluctuate 
depending on the source and the dose, maximum mea-
sured plasma concentrations of flavanones are in the 
nM to low µM range.17 For instance, the maximum con-
centrations of hesperetin metabolites reached in plasma 
5–7 h after the consumption of 130–220 mg given as 
orange juice were 1.3–2.2 µmol/L.18,19 A more recent 
study in humans has demonstrated that daily consump-
tion, for 3 weeks, of 236 mL of orange juice provid-
ing close to 230 mg of hesperidin led to an increase of 
the plasma concentrations of hesperetin from 3.3 up to 

22 nmol/L.20 Thus we can consider that hesperidin has 
limited bioavailability in humans. However, we have 
demonstrated that enzymatic removal of the rhamnose 
sugar from hesperidin to yield hesperetin-7-glucoside 
(H-7-G) improves its bioavailability by threefold in 
human subjects.21 In rodents, the total plasma or serum 
concentrations detected after oral administration of hes-
peridin were also in the low µM range.22-24 In the series 
of preclinical studies performed in rats (Fig. 22.3), we 
observed quantitative and qualitative profiles of hes-
peritin metabolites in accordance with literature cited 
(Table 22.1).

Despite the moderate bioavailability of citrus fla-
vanones, we can reasonably think that flavanones may 
reach target cells or organs at sufficiently high concen-
trations to exert biological and pharmacological effects 
in both animals and humans. Some of these biological 
activities have been reported in in vivo experiments to 
be antioxidant, hypocholesterolemic, veinotonic, anti-
inflammatory, and anticarcinogenic.17,25 In recent years, 
we and others have shown that hesperidin may have 
positive activities in promoting bone growth, prevent-
ing bone degradation, and modulating bone metabolism 
in rodent animal models.26-28

22.3 � Hesperidin and Bone Health: 
Preclinical Development

22.3.1 � Hesperidin and Bone Parameters 
in Animal Models from Different 
Age Groups

It has been widely reported that osteoporosis may 
be prevented by modulating environmental factors 
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including nutrition throughout life. In our series of pre-
clinical studies, we chose to study the impact of hesperi-
din on bone parameters (bone mass, bone strength, and 
biomarkers of bone remodeling) in intact or ovariecto-
mized (OVX) rats (model of postmenopausal osteopo-
rosis) of different ages (3 and 6 months old). Moreover, 
a rodent model of senile bone loss (21 months old) was 
used. Finally, the effect of hesperidin on bone mass 
acquisition and maintenance was evaluated in young 
growing (3 months old) and adult (6 months old) intact 
rats (Fig.  22.3). We showed that 0.5% hesperidin in 
the diet can improve bone mass in intact rats of 3 
months, protect against bone loss in 6 months OVX 
rat,27 and maintain bone mass in gonad-intact senes-
cent male rats (data not yet published) (Table  22.2). 
These findings are in agreement with data obtained 
in OVX mice fed with the same dose of hesperidin24 
or in male orchidectomized rats consuming hesperi-
din through citrus juice.29 A further study examining  

H-7-G, an intestinal metabolite of hesperidin shown 
to be more bioavailable, has underlined a greater effi-
ciency of its molecule in inhibiting bone loss due to 
OVX in 6-month-old rats.28 In our different studies, the 
beneficial effect of hesperidin on bone mass has been 
mainly related to a slowing down of bone resorption 
(shown by decreased urinary free deoxypyridinoline). 
However, as first suggested by Chiba et  al, hesperi-
din could not only modulate bone resorption, but also 
affect bone formation.24,26

22.3.2 � Hesperidin and Bone Formation  
in Primary Rat Osteoblasts

Two metabolites of hesperidin (i.e., aglycone form: 
hesperetin (H), and one of the main conjugated metab-
olites: hesperetin-7-O-glucuronide (H-7-O-Glu)) have 
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been tested at nutritional and physiological concentra-
tions of 1 and 10 µM in primary rat osteoblasts, a cel-
lular model to study bone formation and osteoblastic 
functions30, 31 (Fig. 22.3). Both H and H-7-O-Glu were 
unable to influence proliferation or mineralization, 
but could stimulate osteoblast differentiation (shown 
by an increase in alkaline phosphatase (ALP) activ-
ity), H-7-O-Glu being apparently more efficient than 
H at the lower nutritional dose. Both molecules were 
able to upregulate gene expression of Runx2 and 
osterix, two transcription factors well known to be 
implicated in the regulation of osteoblast-related 
genes. Finally, bone morphogenetic protein (BMP) 
and mitogen-activated protein kinase (MAPK) could 
be two of the signaling pathways of the molecular 
mechanisms of bone formation modulated by both 
compounds.

22.3.3 � Hesperidin and Bone Health: 
Intervention Studies in 
Postmenopausal Women

Two randomized placebo-controlled trials are currently 
ongoing and performed in healthy postmenopausal 
women not taking an hormone replacement therapy and 
presenting a normal bone mass (T-score > −1) or a not 
severe osteopenia (−2 < T-score < −1). The primary 
objective is to determine the clinical efficacy of hespe-
ridin to protect against postmenopausal bone loss and to 
influence positively validated biomarkers of bone for-
mation and bone resorption. Secondarily, the safety and 
tolerability of the daily oral administration of hesperi-
din are evaluated. More details about these two studies 
are available at http://clinicaltrials.gov/ct2/home
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BMD bone mineral density; DPD deoxypyridinoline; Hp hesperidin; H-7-G hesperetin-7-glucoside; IL-6 interleukin-6; NO nitric 
oxide; OVX ovariectomized

Reference Model Treatment Study 
length 
(months)

Main findings

Horcajada et al27 Gonad-intact and  
OVX female rats,  
3 and 6-month  
old

0.5% Hesperidin in 
the daily diet

3 Whatever the age of animals, ¯ ovariectomy-
induced bone loss and ¯ bone resorption 
(urinary free DPD)
No uterotrophic effect
In 3-month-old intact rats, � BMD without 
modulation of femoral bone strength 
(accelerated bone mass gain)
In 6-month-old intact rats, Hp ~ BMD but � 
femoral bone strength
Plasma lipid-lowering effect

Habauzit et al 
(data not yet 
published)

Gonad-intact  
female rats,  
3-month old

0.125; 0.25; 0.5; 1; 
2.5% Hesperidin in 
the daily diet

3 � Femoral BMD and bone strength
¯ Bone resorption (urinary free DPD)
Effective dose: 0.25%

Habauzit et al28 OVX female rats,  
6-month old

Hesperidin or 
hesperetin-7-gluco-
side: 0.25 and 0.5% 
in the daily diet

3 ¯ Ovariectomy-induced bone loss
¯ Bone resorption (urinary free DPD)
No uterotrophic effect
Efficiency H-7-G > Hp
Higher bioavailability of H-7-glc

Habauzit et al 
(data not yet 
published)

Gonad-intact  
male rats,  
20-month old

0.5% Hesperidin in 
the daily diet

3 Protection of BMD (+ 9% vs. control group)
¯ bone resorption (urinary free DPD)
Plasma lipid-lowering effect
¯ Serum IL-6 and ¯ NO production (systemic 
anti-inflammatory effect)

Table 22.2  Impact of hesperidin on bone parameters assessed in preclinical studies with rats

ND not determined; Hp hesperidin; H-7-G hesperetin-7-glucoside; OVX ovariectomized

Reference Model Treatment Study 
length 
(months)

Qualitative analysis 
(percentage of total 
hesperetin conjugated 
metabolites)

Plasma concentration 
of total hesperetin 
conjugated metabolites 
(µM)

Horcajada et al27 Gonad-intact and  
OVX female rats,  
3 and 6-month old

0.5% Hesperidin  
in the daily diet

3 ND 0.5% Hp: 12.5 ± 2.5

Habauzit et al  
(data not yet  
published)

Gonad-intact female  
rats, 3-month old

0.125; 0.25;  
0.5; 1 or 2.5% 
Hesperidin  
in the daily diet

3 Depending on the dose,  
between 6 and 26%  
aglycone; ~70% glucuroni-
dated metabolites; between 
7 and 12% sulfated 
metabolites

0.125% Hp: 1.3 ± 0.5
0.25% Hp: 1.8 ± 1.2
0.5% Hp: 3.6 ± 0.6
1% Hp: 6.7 ± 1.2
2.5% Hp: 23.4 ± 4.1

Habauzit et al28 OVX female rats,  
6-month old

Hesperidin or  
hesperetin- 
7-glucoside:  
0.25 and 0.5%  
in the daily  
diet

3 0.25% Hp and 0.5% Hp: 
<4% aglycone; ~2.5% 
sulfated metabolites; >90% 
glucuronidated metabolites
0.25% H-7-G and 0.5% 
H-7-G: <3% aglycone; 
~34% sulfated metabolites; 
>60% glucuronidated 
metabolites

0.25% Hp: 1.1 ± 0.3
0.5% Hp: 2.1 ± 0.3
0.25% H-7-G: 2.3 ± 0.4
0.5% H-7-G: 4.9 ± 0.3

Habauzit et al  
(data not yet  
published)

Gonad-intact male  
rats, 20-month old

0.5% Hesperidin  
in the daily diet

3 0.5% Hp: ~5% aglycone; 
no sulfated forms; >90% 
glucuronidated metabolites

0.5% Hp: 1.4 ± 0.2

Table 22.1  Qualitative and quantitative analyses of plasma metabolites of hesperidin assessed in preclinical studies with rats



158 V. Habauzit et al.

22.4 � Conclusions

Dietary measures to maximize bone mass early in life 
and reduce the loss of bone mass later in life are accepted 
as one of the best strategies to reduce the risk of osteo-
porosis. Hence, flavonoids from plant-derived food such 
as hesperidin may contribute to a positive effect on bone 
health and thus be part of an integral strategy together 
with the well-established key-nutrients calcium and 
vitamin D. Little is known about the mechanisms of 
action of hesperidin on bone, but we can reasonably 
think that, similarly to other polyphenols,8 hesperidin 
can act at a systemic level by exerting antioxidant and/
or anti-inflammatory activities, as well as at a local level 
by modulating cellular signaling processes regulating 
both osteoblast30, 31 and osteoclast functions.32
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23

23.1 � Introduction

Human metabolism leads to the production of ~1 mmol/
kg of acid (protons, H+) per day, which is termed endog
enous acid production.1,2 Additional endogenous acid 
production occurs during disorders such as diarrhea, 
diabetic ketoacidosis, and lactic acidosis. This addi-
tional acid results in a reduction of systemic pH, which 
is termed metabolic acidosis. The physiologic response 
to metabolic acidosis is to rapidly increase extracellu-
lar fluid pH toward the physiologic neutral of 7.40 to 
maintain optimal cellular function.1 The homeostatic 
response to metabolic acidosis involves first buffering 
of the acid, then increasing respiratory rate to lower the 
partial pressure of carbon dioxide (Pco

2
), and finally 

renal excretion of the additional acid. The initial step, 
buffering of the additional acid, is critical to the imme-
diate restoration toward neutral pH allowing the pres-
ervation of life. The final step, renal excretion of the 
acid, begins hours after the acid challenge and is com-
plete only days later. Renal acid excretion relies upon 
normal kidney function; as we age, our ability to 
excrete acid declines and humans become slightly, but 
significantly, more acidemic.3

Chronic metabolic acidosis, found in patients with 
chronic kidney disease and renal tubular acidosis, 
increases urinary Ca excretion secondary to a direct 
reduction in renal tubular Ca reabsorption.1 There is 

little, if any, increase in intestinal Ca absorption result-
ing in a net loss of body Ca.1 The source of much of 
this additional urinary Ca appears to be acid-mediated 
dissolution and resorption of bone mineral.1,4 Chronic 
metabolic acidosis appears to decrease bone mineral 
content4 and has been shown to significantly decrease 
bone density, formation, and growth.5

During the sustained metabolic acidosis of severe 
chronic kidney disease, blood pH remains stable, 
although substantially reduced, in spite of progressive 
acid retention, suggesting the availability of large stores 
of proton buffers.1,2 During kidney failure, there is 
ample evidence that acidosis adversely affects bone, 
which may be corrected by HCO

3
− treatment. Bone car-

bonate is decreased in acidic uremic patients,6 which 
may represent dissolution of bone carbonate or replace-
ment by phosphate, resulting in the incorporation of 
acid into the mineral. In view of the deleterious effect 
of metabolic acidosis on bone, the National Kidney 
Foundation guidelines recommend treatment of meta-
bolic acidosis to help prevent renal osteodystrophy.7

The common high protein diet of North Americans, 
coupled with the known effects of bone to buffer an 
acid load1 and the age-related decline in renal function,3 
suggests that excess dietary acid derived from high pro-
tein diets may play a role in the etiology of osteoporo-
sis.1,8 The treatment of postmenopausal women with the 
base KHCO

3
, which neutralizes endogenous acid pro-

duction, leads to improved Ca retention, reduced bone 
resorption, and increased bone formation.8,9 Severe, 
life-threatening metabolic acidosis must be treated; 
however, the mild metabolic acidosis present in the ini-
tial stages of chronic kidney disease and in aging, wors-
ened in the latter case by the common acidogenic high 
protein diet, is rarely treated.1
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23.2 � Acute Acidosis

23.2.1 � Calcium Release

Cultured neonatal mouse calvariae exhibit acid-depen-
dent net Ca efflux (J

Ca
) during both acute (3 h 10) and 

more chronic (>24–99 h) incubations.2,11–26 The mech-
anism of acid-mediated Ca efflux from bone during 
acute incubations is direct physicochemical bone dis-
solution and is not cell-mediated.11 This finding was 
confirmed by demonstrating Ca efflux from synthetic 
carbonated apatite (CAP) disks, a cell-free model 
of  bone mineral, cultured in physiologically acid 
medium.27

The type of bone mineral in equilibrium with the 
medium and thus altered by physicochemical forces 
might be carbonate or phosphate in association with 
Ca. Bone carbonate is solubilized during an acute 
reduction in pH, leading to a release of Ca.28,29 Further 
support for the role of carbonate in acid-mediated bone 
mineral dissolution comes from the observation that 
at  a constant pH, whether physiologically neutral or 
acid, Ca flux from bone is dependent on the medium 
[HCO

3
−]; the lower the [HCO

3
−], the greater the Ca 

efflux.30

23.2.2 � Hydrogen Ion Buffering

The in  vitro evidence for acid buffering by bone is 
derived from studies of acidosis-induced proton flux 
into bone,2,10,28,31–33 high resolution ion microprobe evi-
dence for a depletion of bone sodium and potassium 
during acidosis,16,33–37 and from a depletion of bone 
carbonate and phosphate during acidosis.33 When cal-
variae are cultured in medium acidified by a decrease 
in [HCO

3
−], there is a net influx of protons into bone, 

decreasing medium acidity and indicating that the 
additional acid is being buffered by bone, ultimately 
leading to an increase in medium pH.10,28,31–33 During 
acute acidosis, there appear to be two principal mecha-
nisms by which the acid is buffered: proton for sodium 
and/or potassium exchange16,33–37 and consumption of 
the buffers carbonate and phosphate.10,28–30,33,38

23.2.3 � Fall in Bone Carbonate  
and Phosphate

Bone contains »80% of the total body carbon dioxide 
and acute metabolic acidosis decreases bone total car-
bon dioxide.39 Bone also contains a substantial amount 
of the total body phosphate, estimated to be ~90%,40 
largely in the form of hydroxyapatite (Ca

10
(PO

4
)

6
(OH)

2
) 

and other forms of apatite.41 During metabolic acidosis, 
protonation of the phosphate in apatite will consume 
protons and help restore the pH toward normal.1,42,43 
Using chemical analysis, a model of metabolic acidosis 
was found to induce the release of bone Ca and carbon-
ate,28 leading to a progressive loss of bone carbonate.29

The high resolution scanning ion microprobe was 
used to study the bone content of carbonate and phos-
phate in response to acute metabolic acidosis.33 There 
was a marked preferential loss of surface HCO

3
− and of 

cross-sectional phosphate. When both the in vitro and 
in vivo studies are considered together, there is clear 
evidence that bone is a proton buffer capable of main-
taining the extracellular fluid pH near the physiologic 
normal. The loss of bone sodium, potassium, carbon-
ate, and phosphate suggests that in addition to sodium 
and potassium for proton exchange, bone carbonate 
and phosphate are lost from the mineral in response to 
acidosis, each of which helps to restore the pH toward 
normal.

23.3 � Chronic Acidosis

23.3.1 � Increased Bone Resorption

Chronic metabolic acidosis causes the release of bone 
Ca, predominantly by enhanced cell-mediated bone 
resorption combined with decreased bone forma-
tion.2,12–17,20–24,32,38,44,45 There also continues to be a com-
ponent of direct physicochemical acid-induced mineral 
dissolution.10,11,27–31,33–37,44,46 Osteoblastic collagen syn-
thesis and alkaline phosphatase activity both are 
decreased after 48 h incubation in a model of metabolic 
acidosis compared to neutral medium,13 while RANKL 
synthesis was increased.22,26 Release of osteoclastic 
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b-glucuronidase, a lysosomal enzyme whose secretion 
correlates with osteoclast-mediated bone resorption, is 
increased during culture in Met. An increase in [HCO

3
−], 

modeling metabolic alkalosis, decreases Ca efflux from 
bone through an increase in osteoblastic bone forma-
tion and a decrease in osteoclastic bone resorption.15

Support for a direct effect of metabolic acidosis to 
inhibit osteoblastic bone formation was obtained using 
primary cells isolated from the calvariae. These iso-
lated cells, almost exclusively osteoblasts, synthesize 
collagen and form nodules of apatitic bone.44 Compared 
to cells incubated in neutral medium, cells incubated in 
a model of metabolic acidosis produced fewer nodules 
and had decreased Ca influx into the nodules.44

23.3.2 � Mechanism of Proton Signaling

Bone responds to metabolic acidosis through a coordi-
nated homeostatic response aimed at normalizing 
systemic pH, often at the cost of decreased mineral 
content; however, the mechanism by which extracel-
lular pH is sensed was previously not clear. A novel 
class of G-protein-coupled receptors that respond to 
both protons and lysosphingolipids has been recently 
characterized.47 To test the hypothesis that OGR1 acts 
as an H+ sensing receptor in bone cells,18 we demon-
strated that OGR1 was present in cultured neonatal 
mouse calvariae and then investigated whether an 
inhibitor of OGR1 (CuCl

2
) would diminish acidosis-

induced Ca efflux from bone, whether metabolic aci-
dosis would increase intracellular calcium in cultured 
bone cells, and whether transfection of OGR1 into a 
heterologous cell type would permit cells to mimic the 
intracellular Ca response to acidosis of primary bone 
cells.18 We found that CuCl

2
 inhibits the acidosis-

induced increase in Ca efflux from bone cells and that 
primary mouse calvarial bone cells respond to a 
decrease in extracellular pH with an increase in intra
cellular Ca. We then found that Chinese hamster ovary 
fibroblasts (CHO cells) increased intracellular Ca in 
response to a model of metabolic acidosis only after 
being transfected with murine OGR1 cDNA. Thus 
OGR1 appears to have a primary role as a proton sen-
sor in bone cells.

23.3.3 � Role of PGE
2

PGE
2
 levels increase in response to chronic metabolic 

acidosis, leading to enhanced renal acid excretion. 
Prostaglandins, especially PGE

2
, are potent multifunc-

tional regulators with effects on both bone resorption 
and formation. Prostaglandins promote new bone for-
mation in  vivo and in isolated osteoblasts. However, 
in bone organ culture, PGE

2
 has been shown to directly 

stimulate bone resorption and to stimulate RANKL 
expression in calvarial osteoblasts. The relative effects 
of prostaglandins on bone may be dependent on the tim-
ing or magnitude of dose,48 as has been found for PTH, 
or dependent on stage of osteoblast differentiation.

Incubation of neonatal mouse calvariae in acidic 
medium increases medium PGE

2
 in parallel with an 

increase in net Ca efflux.23 Inhibition of PGE
2
 produc-

tion by indomethacin strongly limited this acidosis-
induced bone Ca release as well as acid stimulation of 
RANKL.22 Incubation of primary mouse calvarial bone 
cells, which consist mostly of osteoblasts,49 in a model 
of metabolic acidosis led to a marked increase in 
medium PGE

2
 levels, which was again completely 

suppressed by indomethacin.23 Cortisol inhibits acid-
induced bone resorption through a decrease in osteo-
blastic PGE

2
 production. These results suggest that 

acid-induced, cell-mediated Ca efflux from bone is 
regulated, at least in part, by an increase in endoge-
nous PGE

2
 production in the osteoblast leading to an 

increase in RANKL.
Prostaglandin synthesis is regulated by the release 

of arachidonic acid from membrane phospholipids. 
The rate-limiting step converting arachidonic acid to 
specific prostanoids is catalyzed by cyclooxygenase 
(COX). There are two forms of COX: COX1, which is 
constitutively expressed, and COX2, which is the 
inducible form of the enzyme. Both forms of COX are 
expressed in osteoblasts. COX2 expression is regulated 
by several bone-resorbing factors. NS-398, a specific 
COX2 inhibitor, significantly inhibits H+-induced Ca 
release from calvariae, which supports the hypothesis 
that this enzyme is stimulated by acidosis.23–25 We 
tested the effects of COX2 knockout using calvariae 
from the offspring of matings of COX2+/− mice and 
correlating genotype and phenotype. We found COX2 
is necessary for acid-induced bone Ca release and it 
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appears that the gene dosage of COX2 sets the level of 
basal and of H+-induced bone resorption. Using north-
ern analysis, as well as real-time PCR, initial studies 
indicate that incubation of primary bone cells in Met 
causes greater stimulation of COX2 RNA levels than 
in Ntl, with no change in COX1.

23.3.4 � Regulation of Gene Expression

External pH modulates gene expression in several cell 
types. To determine if metabolic acidosis would specify 
gene expression in osteoblasts, we examined several 
immediate early response genes in primary neonatal 
mouse calvarial cells, including egr-1, junB, c-jun, 
junD, and c-fos. In response to incubation in acidic 
medium, only the magnitude of egr-1 stimulation was 
dependent on medium pH.19 Osteoblasts express type 1 
collagen as the major component of the bone extracel-
lular matrix, which subsequently becomes mineral-
ized. Similarly to egr-1, type I collagen RNA synthesis 
was decreased by acidosis and increased by 
alkalosis.19

Primary mouse calvarial cells differentiate in cul-
ture to form bone nodules. These osteoblastic cells 
express a number of bone-specific matrix proteins, 
including bone sialoprotein, osteocalcin, osteonectin 
(ON), osteopontin (OP), and matrix gla protein 
(MGP).50 Since acidic medium decreases bone nodule 
number, size, and Ca content,44 we hypothesized that 
acidosis would alter the pattern of matrix gene expres-
sion in these long-term cell cultures. After 3–4 weeks 
in neutral medium OP RNA levels increased while 
incubation in acid medium completely inhibited this 
increase.20 The RNA levels of two other proteins, ON 
and transforming growth factor b

1
, did not vary with 

pH. RNA for MGP was also induced by incubation in 
neutral differentiation medium, while acidic medium 
almost totally prevented the increase in MGP RNA 
levels. The inhibition of MGP and OP RNA levels by 
acidosis was found to be reversible.20

We hypothesized that the acidosis-induced bone 
resorption was a result of alterations in osteoblastic 
expression of osteoclastogenic factors. Such factors 
include macrophage colony stimulating factor 
(M-CSF), a growth factor for osteoclast precursor 
cells, RANKL and osteoprotegerin (OPG), a decoy 
receptor for RANKL. Activation of RANK by RANKL 

initiates a differentiation cascade that culminates in 
mature, bone-resorbing osteoclasts, as well as stimula-
tion of mature osteoclast activity. Analysis of RNA 
extracted from calvariae incubated for 24 or 48 h in 
neutral or acidic medium by RT-PCR indicated that 
expression of RANKL RNA was upregulated by aci-
dosis, while expression of M-CSF, OPG, and b-actin 
were not altered.22 Analysis of culture supernatants by 
ELISA demonstrated that calvariae in acidic medium 
produced greater amounts of soluble RANKL protein 
than calvariae cultured at neutral pH; production of 
OPG was not affected.26

To examine the role of PGE
2
 synthesis in RANKL 

expression, calvariae were incubated in the absence or 
presence of indomethacin to inhibit COX activity; 
Ca flux, as well as RANKL RNA content, was deter-
mined. Indomethacin significantly inhibited acid-
induced Ca  flux and completely suppressed the 
induction of RANKL RNA by Met.22 Thus acidosis-
induced synthesis of PGE

2
 causes an autocrine or 

paracrine stimulation of osteoblastic prostaglandin 
receptors. Activation of these receptors consequently 
induces an increase in RANKL RNA expression, 
which in turn increases osteoclastogenesis and activa-
tion of mature osteoclasts.

23.4 � Overview of the Response  
of Bone to Acid

Thus metabolic acidosis induces changes in the bone 
mineral, which are consistent with its role as an H+ buf-
fer.2 Over the first few hours, buffering of the acidic 
medium pH10,31–33 occurs through physicochemical 
bone mineral dissolution,28,36 releasing Ca as well as the 
buffers, carbonate and phosphate.10,29,30,33,38 There is an 
exchange of bone Na and K for H+.16,33–37 Hours later, 
cellular mechanisms increase bone resorption and 
decrease bone formation, both of which normalize sys-
temic pH.11–17 Increased bone resorption further releases 
bone carbonate and phosphate,38,45 and decreased bone 
formation lessens the amount of acid produced during 
bone mineralization. In cells, the acidic pH is sensed by 
the H+ receptor OGR118 and acidosis alters expression 
of a number of genes in osteoblasts.19–22 Acidosis 
increases osteoblastic PGE

2
 synthesis,23–25 leading to an 

increase in RANKL expression and osteoclastic bone 
resorption.22,26
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Abbreviations

BMC	 Bone mineral content
BMD	 Bone mineral density
IGF-1	 Insulin like growth factor 1
NRAE	 Net renal acid excretion
PRAL	 Potential renal acid load
RDA	 Recommended daily allowance

24.1 � Introduction

The health benefits of a high consumption of fruit and 
vegetables and the influence of this food group on a 
variety of diseases have been gaining increasing prom-
inence in the literature. Of interest to the bone field is 
the role that bone plays in acid–base balance. Natural, 
pathological, and experimental states of acid loading/
acidosis have been associated with hypercalciuria and 
negative calcium balance, and more recently, the detri-
mental effects of “acid” from the diet on bone mineral 
have been demonstrated. More recently, the possibility 
of a positive link between a high consumption of fruit 
and vegetables and indices of bone health has been 
more fully explored. Further support for a positive link 
between fruit and vegetable intake and bone health  
can be found in the results of the DASH and DASH-
Sodium intervention trials (dietary approaches to stop-
ping hypertension).

We now urgently require the implementation of (a) 
fruit and vegetable/alkali administration: bone health 
intervention trials, including fracture risk as an end-
point; and (b) reanalysis of existing dietary: bone mass/
metabolism datasets to look specifically at the impact 
of dietary “acidity” on the skeleton.

24.2 � Background

Our approach to examining the relationship between 
nutrition and bone health has been to focus on specific 
(or variety) of nutrients consumed regularly in the 
human diet. While this has enabled a greater under-
standing of the influence of the important bone miner-
als (i.e., calcium, phosphorus, and magnesium) to bone 
metabolism, there are still considerable gaps in our 
knowledge. We can also consider the “foods” we con-
sume rather than the nutrients contained within them. It 
is interesting to note that across Nations and Countries, 
there is a consensus of agreement as to the proportions 
with which we should be eating food, even though 
they are displayed in different formats (e.g., UK and 
Australia use a plate; USA and Singapore use a pyra-
mid; Finland uses a plate/pyramid combination).

24.3 � Acid–Base Balance:  
Introductory Comments

Acid–base homeostasis is important for health. We 
know that extracellular fluid pH remains between 7.35 
and 7.45, and thus it is a key requirement of our meta-
bolic system to ensure that hydrogen ion concentra-
tions are maintained between 0.035 and 0.045 mEq/L.1 
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It is essential to survival that H+ concentrations are 
kept within these particularly narrow limits, and hence, 
the body’s adaptive response involves three specific 
mechanisms: (a) buffer systems; (b) exhalation of CO

2
; 

and (c) kidney excretion.
Daily, humans eat substances that both generate and 

consume protons, and as a net result, adult humans on 
a normal Western diet generate ~1 mEq per kg body 
weight of acid per day. The more acid precursors a diet 
contains, the greater the degree of systemic acidity.  
As humans become older, their overall renal function 
declines, which includes their ability to excrete acid.2

24.4 � Link Between Acid–Base 
Homeostasis and Bone

There are a number of points that should be considered 
when examining a link between acid–base mainte-
nance and the skeleton:

First, the theoretical considerations of the role that 
alkaline bone mineral may play in the defense against 
acidosis, which date back as far as the late 1880s/ early 
nineteenth century. The pioneering work of Lemann and 
Barzel showed extensively the effects of “acid” from the 
diet on bone mineral in both man and animal.3,4

There was much debate on the consideration of the 
skeleton as a source of buffer, contributing to both the 
preservation of the body’s pH and defense of the system 
against acid–base disorders at the first-ever Conference 
on Osteoporosis held in 1969.5

Second, the effect of dietary acidity on the skeleton 
needs only to be relatively small for there to be a large 
impact over time. Wachman and Bernstein put forward 
a hypothesis linking the daily diet to the development 
of osteoporosis based on the role of bone in acid–base 
balance and noted specifically that ‘the increased inci-
dence of osteoporosis with age may represent, in part, 
the results of a life-long utilization of the buffering 
capacity of the basic salts of bone for the constant 
assault against pH.’6

Third, there are clear mechanisms for a deleterious 
effect of acid on bone. Novel work in the 1980s by Arnett 
and Dempster demonstrated a direct enhancement of 
osteoclastic activity following a reduction in extracellu-
lar pH. This effect was shown to be independent of the 
influence of parathyroid hormone.7 Furthermore, osteo-
clasts and osteoblasts appear to respond independently 

to small changes in pH in the culture media in which 
they are growing.8

24.5 � Vegetarianism and Bone

The potentially deleterious effect of specific food on 
the skeleton has been a topic of debate.9–12 Work by 
Remer and Manz13 examining the potential renal acid 
loads (known as PRAL) of a variety of food has found 
that many grain products and hard cheese are acidic 
food.13 These food, which are likely to be consumed in 
large quantities in lactoovovegetarians, may provide 
an explanation for the lack of a positive effect on bone 
health indices in studies comparing vegetarians vs. 
omnivores.14–16

24.6 � Fruit and Vegetables and Skeletal 
Health

24.6.1 � Observational Studies

A variety of population-based studies published in the 
latter part of the twentieth century and more recently 
have demonstrated a beneficial effect of fruit and vegeta-
ble/potassium intake on indices of bone health in young 
boys and girls, premenopausal women, perimenopausal 
women, postmenopausal women, and elderly men and 
women.17

In trying to clarify the size of the effect of fruit and 
vegetables/potassium intake on bone health, a recent 
systematic review on over 4,800 subjects suggests a 
small (~0.9%) but nonetheless significant effect on 
bone health.18 Much more detailed analysis is now 
urgently required with respect to which types of fruit 
and vegetables have the most direct impact on the skel-
eton and whether potatoes are included in the calcula-
tions for many of these observational studies. Potatoes 
have a PRAL value of −4.0 mEq/100 g edible portion, 
but are categorized differently among countries with 
respect to food groups. For example, in the UK Balance 
of Health, potatoes are included in the bread, rice, and 
other starch food group, whereas in Denmark it is 
included in the fruit and vegetable group. Furthermore, 
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in the UK, potatoes are not included in the five por-
tions a day recommendation, whereas in other European 
countries potatoes are included.

24.6.2 � Dietary Intervention Studies

Further support for a positive link between fruit and 
vegetable intake and bone health can be found in the 
results of the DASH and DASH-Sodium intervention 
trials. In DASH, diets rich in fruit and vegetables were 
associated with a significant fall in blood pressure 
compared with baseline measurements. However, of 
particular interest to the bone field were findings that 
increasing fruit and vegetable intake from 3.6 to 9.5 
daily servings decreased the urinary calcium excretion 
from 157 mm/day to 110 mg/day.19 It is key to point out, 
however, that the authors suggested this was due to the 
“high fiber content of the diet possibly impeding cal-
cium absorption,” but a more likely explanation put for-
ward by Barzel20 was a reduction in the “acid load” with 
the fruit and vegetable diet compared to the control 
diet.20 This study is the first population-based fruit and 
vegetable intervention trial showing a positive effect on 
calcium economy (albeit a secondary finding).

Lin et al. (2003) have reported the findings of the 
DASH-Sodium trial in which two dietary patterns  
on indices of bone metabolism were examined.21 The 
DASH diet emphasizes fruits, vegetables, and low-fat 
dairy products and is reduced in red meat, and in this 
second DASH II trial, three levels of sodium intake 
were investigated (50, 100 and 150 nmol/L). Subjects 
consumed the control diet at the 150  mmol sodium 
intake/d levels for 2 weeks and were then randomly 
assigned to eat either the DASH diet or the control diet 
at all three sodium levels for a further 4 weeks in ran-
dom order. The DASH diet, compared with the control 
diet, was found to significantly reduce both bone for-
mation (by measurement of the marker osteocalcin) by 
8–10% and bone resorption (by measurement of the 
marker CTx) by 16–18. This is an important interven-
tion study that shows a clear benefit of the high intake 
of fruit and vegetables on markers of bone metabolism. 
Research is now required to determine the long-term 
clinical impact of the DASH diet on bone health and 
fracture risk, as well as clarification of the exact mech-
anisms involved with respect to this diet on skeletal 
protection.

24.7 � Dietary Acidity and Bone

Determination of the acid–base content of diets con-
sumed by individuals and populations is a useful way 
to quantify the link between acid–base balance and 
skeletal health. On a daily basis, humans eat substances 
that both generate and consume protons, and as a net 
result, consumption of a normal Western diet is associ-
ated with chronic, low-grade metabolic acidosis. The 
severity of the associated metabolic acidosis is deter-
mined, in part, by the net rate of endogenous noncar-
bonic acid production (NEAP) that varies with diet. 
Since 24-h urine collections are impractical for popu-
lation-based studies, an alternative is to examine the 
net acid content of the diet. Frassetto et al. have found 
that the protein-to-potassium ratio predicts net acid 
excretion, and in turn, NRAE predicts calcium excre-
tion. They propose a simple algorithm to determine the 
net rate of endogenous NEAP from considerations of 
the acidifying effect of protein (via sulfate excretion) 
and the alkalizing effect of potassium (via provision of 
salts of weak organic acids).22,23

24.8 � Alkali Supplementation Studies 
and the Skeleton

24.8.1 � Clinical Studies

The clinical application of the effect of normal endog-
enous acid production on bone is of considerable inter-
est, with extensive work in this area by Lemann (at the 
subject level) and Bushinsky (at the cellular level).24,25 
Sebastian et al. demonstrated that potassium bicarbon-
ate administration resulted in a decrease in urinary cal-
cium and phosphorus, with overall calcium balance 
becoming less negative (or more positive).26 Changes 
were also seen in markers of bone metabolism, with a 
reduction in urinary excretion of hydroxyproline (bone 
resorption) and an increased excretion of serum 
osteocalcin (bone formation). The study by Sebastian’s 
group is of significant clinical importance and may 
have valued implications for the prevention and treat-
ment of postmenopausal osteoporosis, but we need 
more long-term studies of the effect of alkali adminis-
tration on aging bone loss. Results of the Aberdeen 
APOSS cohort show that in healthy postmenopausal 
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women, long-term effects of alkali supplementation 
did not reduce bone loss over a 24-month period,27 but 
more research in other population groups and using an 
alkali food approach rather than a supplementation one 
would be pertinent.

24.9 � Concluding Remarks

It is also important to note that the positive associations 
found between fruit and vegetable consumption and 
bone may be due to some other, yet unidentified, 
“dietary” component rather than alkali-excess effect,28 
and there is good animal evidence to support this. 
Muhlbauer et al.29 have shown that vegetables, herbs, 
and salads commonly consumed in the human diet 
affect bone resorption in the rat by a mechanism that is 
not mediated by their base excess,29 but perhaps through 
pharmacologically active compounds, which need ex
ploring further.30

Future research in this area needs to focus on the 
following: (a) investigating levels of potassium-rich, 
bicarbonate-rich food in relation of markers of bone 
health in a wide range of populations groups, including 
the young, postmenopausal women, and the elderly 
long-term, as well as intervention trials centered spe-
cifically on potassium-rich, bicarbonate-rich food 
(e.g., fruit and vegetables) as the supplementation 
vehicle; and (b) assessing a wide range of bone health 
indices (including fracture risk). Furthermore, we need 
more experimental studies to examine the mechanisms 
under which potassium-rich, bicarbonate-rich food are 
beneficial to bone metabolism.
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25.1 � Introduction

Muscle weakness and frailty in the elderly lead to 
falls, fractures, disability, and loss of independence. 
Preserving muscle mass and strength is an effective 
way to lower the risk of falling1 and to maintain physi-
cal function and independence. The muscular and 
skeletal systems are obviously interrelated function-
ally; however, their connection extends beyond func-
tion. Harold Frost was one of the first to recognize the 
linkage, as he described in his “mechanostat theory”.2 
His theory postulates that the link between muscle 
mass and bone mass results from the bone’s ability to 
adapt to mechanical strain. Subsequently, it has been 
shown that strain can trigger a cascade of events 
through mechano-transduction which increase osteo-
blastic cell activity and the formation of new matrix 
proteins.3,4 Recent work demonstrates that in adoles-
cents, the age of peak lean tissue mass accrual pre-
cedes several parameters of bone strength accrual by 
4–6 months, suggesting that muscle is an important 
factor affecting bone strength.5 Bone and muscle are 
known to be linked genetically. In a twin study, for 
example, Seeman et  al found that genetic factors 
accounted for 60–80% of the individual variances of 
femoral neck BMD and lean mass, and for >50% of 
their covariance.6 Several investigators have demon-
strated associations of lean tissue mass with femoral 
neck bone strength7 and mass7,8 in adults.

With aging, there is a gradual increase in the circu-
lating [H+]. In a comprehensive review, Frassetto and 
Sebastian identified 26 articles that included data on 
age and circulating [H+].9 From the age of 20 to 80 
years, they identified a 6–7% rise in blood [H+] and a 
12–16% decline in plasma [HCO

3
−], with most of the 

age-related change occurring after the age of 50 years. 
Renal function is known to decline with aging.10 Renal 
insufficiency impairs acid–base homeostasis by reduc-
ing HCO

3
− conservation and reducing acid excretion. 

Typically, the glomerular filtration rate declines by 
50% from the age of 20 to 80 years.11,12

American diets are generally acidogenic or net acid-
producing because of their high content of cereal grains 
and protein and relatively low content of fruits and vege-
tables.13 Metabolism of grains and dietary protein of both 
animal and plant origin produces noncarbonic acids such 
as sulfuric acid, and the metabolism of fruits and vegeta-
bles produces KHCO

3
 and other alkaline potassium salts. 

Adults on American diets typically generate 75–100 mEq 
of acid per day.14 The daily ingestion of acid-producing 
diets in combination with a declining capacity to excrete 
the acid load is thought to account for the mild but pro-
gressive metabolic acidosis seen with aging. In this chap-
ter, evidence for the acid–base balance of the diet affecting 
both bone and muscle is considered.

25.2 � Effects of Acid on Bone

25.2.1 � Mechanisms

An acidic environment affects both osteoblastic and osteo-
clastic activity. Building on the earlier findings of Ludwig 
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who identified the OGR1 receptor on osteoblasts,15 
Tomura et al have identified the presence of a family of G 
protein-coupled hydrogen sensing receptors on rat osteo-
blasts that are coupled either to increased calcium release 
or altered adenylate cyclase activity.16 Frick et  al have 
recently provided evidence that exposure to acid induces 
a rapid increase in ionized calcium concentration in 
osteoblasts and in other cells transfected with OGR1 
receptors.17 They postulate that hydrogen ions activate 
OGR1 receptors on osteoblasts which leads to increases 
in intracellular ionized calcium, and the latter mediates 
increases in COX-2 and RANKL expression, with result-
ing increased resorption.17 In an in vitro study in rats,18 a 
reduction in medium pH from 7.4 to 6.8 was associated 
with a 14-fold increase in the mean area resorbed per 
bone slice (p < 0.01). In a similar in vitro study, changes in 
resorption rate were detectable within the physiologic 
range of pH.19 Komarova et al have identified a proton 
receptor on rat osteoclasts.20 In addition to its effects on 
osteoblasts and osteoclasts, acid appears to have a direct 
physico-chemical effect on bone. In a synthetic bone 
mineral model in which there was no cell-mediated 
resorption,21 Bushinsky showed that H+ ions cause efflux 
of calcium from the apatite surface. Thus, bone serves as 
a buffer, and in the process of neutralizing acid arising 
from American diets, calcium is lost from bone.

25.2.2 � Human Studies

25.2.2.1 � Bone Turnover

Several short-term (7–18-day) alkali intervention stud-
ies in humans have identified significant reductions in 
biochemical markers of bone turnover. In a crossover 
study in nine young subjects consuming acid-producing 
metabolic diets, Maurer et al22 found that neutralization 
of endogenous acid with a combination of sodium and 
potassium bicarbonate over 7 days significantly low-
ered urinary pyridinoline and NTX, indicators of bone 
resorption. Over the following 7-day recovery 
period, during which the alkali was discontinued, 
pyridinoline and NTX excretion returned to  their 
starting levels.22 In another crossover study, Sebastian 
et  al examined the effect of 60–120 mmol/day of 
KHCO

3
 on serum osteocalcin, a marker of bone for-

mation, over an 18-day period in 18 postmenopausal 

women consuming high-protein metabolic diets.23 
The mean osteocalcin level rose from 5.5 ± 2.8 (SD) to 
6.1 ± 2.8 ng/mL (p < 0.001) with alkalinization. Urine 
calcium excretion declined in this study from 236 ± 86 
(SD) to 172 ± 81  mg/day (p < 0.001). In the DASH 
study, increasing fruit and vegetable intake from 3.6 to 
9.5 servings per day significantly reduced the markers 
of bone turnover.24

25.2.2.2 � Bone Loss

Jehle et al recently published the first randomized con-
trolled trial that examined the effect of alkali on the 
rates of bone loss.25 In 161 postmenopausal women at 
a mean age of 60 years, treatment with a relatively low 
dose of 30 mmol/day of potassium citrate significantly 
reduced bone loss from the spine and hip, but not the 
radius or total body, over a 1-year period, when com-
pared with the treatment with potassium chloride.25 On 
the contrary, a recent randomized, placebo-controlled 
trial revealed that treatment with potassium citrate in a 
dose of 55.5 mEq/day for 2 years did not significantly 
reduce bone loss from the spine or hip in a similar 
population.26 Thus the effect of alkali administration 
on the rates of bone loss is unresolved.

25.3 � Acid–Base Balance and Muscle

25.3.1 � Muscle Changes with Aging

Atrophy in muscle mass begins around the age of 25 
years, accelerates after the age of 50 years, and contin-
ues to occur rapidly at least through the age of 80 
years, as documented in the analyses of whole vastus 
lateralis muscles removed at autopsy from cadavers of 
42 healthy males, aged 15–83 years.27 The loss occurred 
mainly in the total number of fibers, with no predomi-
nance in the loss of either Type I (slow-twitch) or II 
(fast-twitch) fibers.28 From the age of 55 to 80 years, 
there was a 50% loss in fiber number and a 30% loss in 
muscle area.28 A recent longitudinal study in a small 
group of healthy elderly volunteers who had biopsies 
of the vastus lateralis and thigh CT scans at a mean age 
of 71 years and again 8.9 years later confirmed that the 
fiber number, but not the fiber size, declined, and that 
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thigh cross-sectional muscle area by CT scan also 
declined significantly.29

The decline in muscle mass that occurs with aging 
is accompanied by a gradual loss in muscle strength or 
the capacity to perform work.30,31 Peak muscle power, 
defined as the capacity to perform work per unit time 
(or the product of the force and velocity of muscle 
shortening), declines earlier and more dramatically 
than muscle strength.32 Impairment in peak muscle 
power is a strong predictor of functional limitation and 
disability in the elderly.33-35 Bosco reported that leg 
extensor power assessed by jumping declined with age 
from 20.21 W × kgBW−1 at the age of 19–26 years to 
10.49 at the age of 41–48 years to 4.98 at the age of 
71–73.30

25.3.2 � Proposed Mechanism for the Link 
of Acid–Base Balance with Muscle

The following sequence provides a proposed mecha-
nism by which correcting acidosis may reduce the loss 
of muscle mass in humans. With muscle breakdown, 
the amino acids released into the blood stream provide 
the substrate for the hepatic synthesis of glutamine. 
Glutamine is used by the kidney to synthesize ammo-
nia.36 With the availability of glutamine, the kidney 
can increase its production of ammonia. Ammonia 
molecules spontaneously accept protons and are 
excreted as ammonium ions; the excretion of ammo-
nium thus removes protons and mitigates the acidosis. 
The signaling mechanism(s) by which an acidic envi-
ronment triggers muscle breakdown have not been 
fully delineated.

There are several clinical states, of which both aci-
dosis and muscle wasting are features, including star-
vation,37,38 trauma, sepsis and burns,36,39-41 chronic renal 
failure,42 and individuals on weight loss diets.43,44 
Correction of the acidosis (but not its underlying cause) 
has been shown to correct the nitrogen (muscle) wast-
ing in several conditions, including chronic renal fail-
ure45 and ketogenic weight-loss diets.46 Correction of 
metabolic acidosis has also permitted the resumption 
of normal growth rates in children with chronic renal 
failure.47

Muscle mass and muscle strength are well known to 
be correlated. However, in the Health Aging and Body 

Composition (Health ABC) Study, a carefully con-
ducted 3-year observational study in 1,880 older adults 
in the U.S., loss in muscle mass, as assessed by thigh 
muscle cross-sectional area and DXA scans, accounted 
for only 5% of the observed loss in muscle strength.48 
This study indicates that other as yet undefined mecha-
nisms in addition to the loss of muscle mass are likely 
to be involved in the loss of muscle strength that occurs 
with aging.

25.3.3 � Human Studies of Alkali 
Supplementation During Exercise

There are few data describing the impact of dietary 
alkali on muscle performance in healthy adults. 
However, several short-term studies are available in 
adults participating in exercise intervention studies. 
During exercise, lactic acid efflux across the muscle 
membrane is an important regulator of intracellular 
pH.49 Intracellular acidosis acts directly on the myofi-
brils and accounts for some of the suppression of mus-
cle contractile force and fatigue during high-intensity 
exercise of very short duration (e.g., 1–7  min).50 An 
increase in extracellular bicarbonate buffering capac-
ity by the ingestion of NaHCO

3
 facilitates the efflux of 

lactate and H+ from muscle cells, thereby delaying the 
critical decrease in intracellular pH, which negatively 
affects muscle glycolysis and contributes to fatigue 
and delayed exercise recovery.51

The impact of supplemental HCO
3
− on physical per-

formance has been studied in healthy young subjects. 
Price et  al52 noted that when compared with control, 
treatment with NaHCO

3
 improved exercise tolerance 

during cycling. NaHCO
3
, when compared with control, 

also increased quadriceps torques.51 Two more recent 
studies in young men53 and women54 have confirmed 
that preexercise metabolic alkalosis induced by acute 
ingestion of alkali enhances muscle performance ben-
efits of exercise. This suggests that HCO

3
− improves 

nonoxidative glycolysis in isometric contraction, result-
ing in reduced fatigue and enhanced recovery.

Other acute intervention studies have found no 
impact of HCO

3
− on sprint performance,55 power out-

put and fatigue,56 or resistance exercise performance.57 
The relevance of these acute studies to muscle perfor-
mance in a nonexercise setting is not certain.
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25.3.4 � Human Studies of Alkali 
Supplementation Not During 
Exercise

In 14 healthy postmenopausal women, Frassetto et al 
found that supplementation with 90  mmol/day of 
KHCO

3
 over an 18-day period reduced nitrogen excre-

tion from 14.0 ± 0.63 to 13.2 ± 0.51.58 In these subjects 
who were studied on constant protein diets and who 
had constant exercise levels, the decline in nitrogen 
excretion was interpreted as conservation of skeletal 
muscle mass. Frassetto et al calculated that treatment 
with 90 mmol/day of KHCO

3
 could theoretically more 

than offset the chronic losses of muscle mass that occur 
at an average rate of about 1.0 kg of lean body mass (or 
32 g of nitrogen) every 5 years in men and women over 
the age of 50 years.58

25.4 � Recent Clinical Trial Results

We recently completed a study designed to determine 
the effects of potassium bicarbonate and its compo-
nents on selected changes in bone turnover markers and 
muscle performance in older men and women. In this 
double-blind, controlled trial, 171 men and postmeno-
pausal women at the age of 50 years and older were 
randomized to treatment with placebo or 67.5 mmol of 
potassium bicarbonate, sodium bicarbonate, or potas-
sium chloride daily for 3 months. These treatments 
were tested to enable us to determine whether potas-
sium and/or bicarbonate affected the bone outcomes 
(there was no reason to expect that potassium would 
affect muscle). All the subjects received 600 mg of cal-
cium as triphosphate daily. The main outcomes, 24-h 
urinary NTX and calcium excretion, nitrogen excre-
tion, and muscle power and endurance, were measured 
at entry and after 3 months. Changes in these measures 
were compared across treatment groups of the 162 par-
ticipants included in the analyses.

Three-month changes in 24-h urinary NAE/Cr, NTX/
Cr, and calcium/Cr excretion by the groups are shown in 
Fig.  25.1. Bicarbonate significantly reduced each of 
these measures whereas potassium had no effect. The 
small increases in calcium excretion in the placebo and 
potassium chloride groups were expected because all 
subjects took a calcium supplement throughout the 

study. Since potassium didn’t affect any of our outcomes, 
the two bicarbonate and the two no bicarbonate (control) 
groups were combined for further analyses. For the 
bone related outcomes, men and women were analyzed 
together, since there was no interaction of bicarbonate 
with sex in its effects on calcium or NTX excretion.59 
Subjects supplemented with HCO

3
− for 3 months had 

significantly greater mean changes in calcium/Cr excre-
tion (p = 0.002) and urinary NTX/Cr (p = 0.002) than 
subjects in the no HCO

3
− group, after adjustment for sex, 

baseline value, and changes in sodium/Cr and K/Cr 
excretion.59 Moreover, after 3 months on treatment, 
NAE/Cr was significantly associated with NTX/Cr 
(b = 0.18, p < 0.001, after the same adjustments).

With respect to the muscle-related findings, there 
was a significant interaction of sex in the effect of 
bicarbonate on nitrogen excretion and several measures 
of lower extremity performance. Bicarbonate signifi-
cantly reduced nitrogen excretion in the women 
(p = 0.004). Change in NAE/Cr was correlated with the 
change in nitrogen/Cr excretion in the women 
(p = 0.002) with a similar trend in the men (p = 0.052). 
Bicarbonate also significantly increased peak leg exten-
sor power in the women, but not in the men. These 
muscle results from this trial are not yet published.

The reason for the attenuated effect of bicarbonate 
on nitrogen excretion and the absence of an effect on 
muscle performance in men may be related to their 
size. In the trial, we gave all the subjects 67.5 mmol/
day. The men didn’t have as large a decrement in NAE/
Cr during treatment as the women; however, on a 
weight basis, the NAE/Cr decrements in men and 
women were similar (−0.04 vs. −0.06 mmol/mol). This 
is important because in men and women, the bone and 
muscle responses to treatment were proportional to the 
declines in NAE. Specifically, changes in calcium, 
NTX, and nitrogen excretion during treatment were 
proportional to the decrements in NAE. Thus lower 
dosing per kg of body weight in the men appears to 
account for their attenuated response to HCO

3
−.

25.5 � Future Directions

Much work remains to determine whether HCO
3

− or 
alkali-producing diets will have persistent and cumula-
tive benefit to the musculoskeletal system. Specific 
needs follow.
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1.	 The mechanisms by which bicarbonate affects mus-
cle needs to be established. The observed benefits 
of HCO

3
− to knee extension power output and 

strength in our 3-months intervention study are not 
likely to have resulted entirely or even in large part 
from changes in muscle mass, because only small 
changes in mass would be expected over the 

3-months intervention period. We conclude that 
other as yet undefined mechanisms are involved. In 
fact, the mechanisms for much of the age-related 
loss in muscle strength are currently poorly under-
stood, although several candidate mechanisms (in 
addition to the loss of muscle mass) have been 
suggested. These include age-related neurologic 
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changes, hormonal or metabolic changes, proin-
flammatory changes, and others.48 It is important to 
explore the potential mechanisms further.

2.	 The optimal dose of alkali for bone and muscle 
needs to be identified. There are several hints in our 
study that a higher dose than the 67.5  mmol/day 
that we used may be optimal. These include the 
finding that after 3 months of treatment, subjects 
with the lowest NAE levels had the lowest levels of 
urinary NTX.59 The significant positive linear cor-
relations of change in NAE with change in the 
excretion of NTX, calcium, and nitrogen suggest 
that further reduction in NAE might be beneficial. 
Sebastian and colleagues have made the interesting 
observation that in the preagricultural era, man con-
sumed net  alkali-producing diets and excreted on 
the order of 88 mEq of alkali per day.13

3.	 The current evidence for an effect of bicarbonate on 
the rates of loss in bone mineral density is mixed 
and no long-term studies of the effect of alkali on 
muscle have been done. A large long-term trial 
needs to be done to evaluate the effects of alkali on 
change in bone mineral density and to determine 
whether the short-term benefits to muscle persist 
over time with ongoing alkali ingestion.

4.	 Alternatives to potassium bicarbonate pills need to 
be explored. High-dose bicarbonate requires that 
many pills be taken. Food fortification may provide 
an easier and more suitable alternative.
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26.1 � The Role of Calcium  
and Bicarbonate

In many countries, the consumption of mineral waters 
is extremely high, due to fashion and marketing, and in 
some countries, due to the low quality of tap water. In 
these countries, the consumption of mineral waters 
exceeds by far that of milk. But the literature on the 
bone effects of milk exceeds by far that on mineral 
waters. Recent studies showed that the positive effect 
on bone which some mineral waters can have, deserve 
special attention, especially in respect to their calcium 
and bicarbonate content.

Mineral waters can decrease bone resorption, bone 
turnover, PTH secretion, and in a few studies, they have 
shown to positively influence bone mineral density. One 
study showed that the consumption of only 0.5 L of a 
calcium-rich mineral water over 6 months lowered PTH, 
osteocalcin, and the bone resorption marker CTX in 
serum and urine.1 In another study, a calcium-rich water 
decreased the loss of BMD at the distal radius in post-
menopausal women over about 1 year.2 These effects are 
explained by the calcium-content of the mineral waters.

On the other hand, bicarbonate, which can also be 
present in mineral waters, improves calcium balance, and 
lowers bone resorption and bone turnover. This has been 
shown with 60–120  mmol K-bicarbonate in postmeno-
pausal women,3±77  mmol K- and Na-bicarbonate in 
young male volunteers,4 and 1 mmol/kg in healthy adults,5 
where the effect of K-bicarbonate was slightly stronger 

than that of Na-bicarbonate. The difference in the nutri-
tional acid load between a supplement of 30  mEq of 
K-citrate and one of K–Cl significantly improved the 
changes of BMD over 1 year in postmenopausal osteopenic 
women.6 And the consumption of an alkali diet which 
included a bicarbonate-rich mineral water decreased bone 
resorption in young volunteers.7 For these reasons, the 
effect of mineral waters on bone metabolism might not 
only be due to calcium, but also an alkali effect.

Before studying this hypothesis, we did a pilot study 
in four young female volunteers for examining the ques-
tion of whether 1 L/day of a bicarbonate-rich mineral 
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water would modify the urine pH beyond the 3  days 
when the water is consumed, i.e., in the fasting urine of 
the fourth day. For that, we consecutively tested 3 
waters during 3 days followed by 4 days wash-out. The 
results (Fig. 26.1) confirmed that calcium and the pH in 
the fasting urine are influenced by the characteristics of 
the mineral waters consumed during the 3 preceding 
days. Therefore, the question of whether such changes 
influence bone metabolism has to be answered.

26.1.1 � The EMINOS Studies

Three interventional studies were conducted to adress 
the effects of mineral water composition on bone 
metabolism. In the first one (EMINOS-1), we com-
pared the effect of two waters over 4 weeks, one rich in 
calcium, the other moderately rich in calcium, but rich 
in bicarbonate (Table  26.1). Ten young women 
consumed 1.5  L of one of the two waters during 4 
weeks while being on a self-selected diet, respecting 

recommended limits. With the bicarbonate-rich water, 
urinary telopeptides CTX decreased significantly by 
30% in the fasting urine, but not with the calcium-rich 
water (Fig. 26.2).8 In the second study, EMINOS-2, we 
administered to two groups of 15 young women each, 
on a standardized diet with ± 754  mg/day calcium, 
1.5  L/day of one of two calcium-rich waters for 4 
weeks. One water also contained a high amount of 
bicarbonate (Table 26.1). Although these healthy vol-
unteers were on a normal calcium intake even without 
the mineral water, the water which was rich in both, 
calcium and bicarbonate caused not only an increase of 
the pH in the urine, but also a decrease in serum CTX 
and PTH, while no change was observed with the water 
that was only rich in calcium (Fig. 26.3).9 This showed 

Mineral water 
Study

A B

Calcium (mg/L) Bicarbonate (mg/L) Calcium (mg/L) Bicarbonate (mg/L)

EMINOS-1 485 403 252 1,762

EMINOS-2 520 291 548 2,172

EMINOS-3 105 391 103 2,989

Table 26.1  Composition of the mineral waters given in the EMINOS-studies, 1.5 L/day over 4 weeks
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Fig.  26.2  Percental changes of C-telopeptides/creatinine in 
fasting urine during 4 weeks on a mineral water rich in calcium 
and bicarbonate (B) compared to a calcium-rich water (A) in 
healthy female volunteers (composition of the waters see 
Table  26.2). At 4 weeks, water B changes significantly com-
pared to week 0 (p < 0.01 ANOVA).8 (EMINOS-1)
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Fig. 26.3  Changes in PTH and CTX levels induced by the con-
sumption of two different mineral waters over 4 weeks in healthy 
female volunteers (composition of the waters see Table 26.2).9 
(EMINOS-2). With permission from Bone
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that, in calcium-sufficiency, the consumption of a cal-
cium-rich water did not exert a demonstrable effect on 
bone metabolism, while the mineral water which was 
also rich in bicarbonate lowered bone resorption sig-
nificantly. In order to assess the effects of bicarbonate 
alone, we performed a third study (EMINOS-3), where 
30 young female volunteers consumed 1.5 L/day each 
of two mineral waters with an average-low calcium-
content (Table 26.2), one being rich in bicarbonate, in 
a randomized sequence, for 2 weeks, followed by a 
wash-out period of 2 weeks. The bicarbonate water 
increased urinary pH and bicarbonate (fasting urine 
and 24 h urine) independent of whether it was taken in 
the first or the second period. But no changes were 
observed in urinary calcium excretion, the bone resorp-
tion marker, or PTH levels. Urinary K-excretion varied 
inconsistently (n.s.). Therefore, bicarbonate-rich water, 
which was not rich in calcium, had no effect on bone 
metabolism.

In order to understand the interrelationship of the 
minerals found in mineral water, we analyzed them on 
the basis of the composition of 150 European mineral 
waters found on the internet, 100 water with calcium-
content below 200 mg/L, and 50 waters with a calcium-
content above 200 mg/L.10 American waters could not 
be included because of their low mineral content. For 
assessing the conditions that not only lead to high cal-
cium-concentrations, but also to alkalinity, we calcu-
lated the PRAL index11 for each water, using the 
formula: PRAL (mEq) = (chloride × 0.03 + protein* in 
g × 0.00049) − (K × 0.021 + Mg × 0.0263 + Ca × 0.013 + 
Na × 0.04) in mg. Because waters do not contain 

proteins, which are the providers of methionin and 
cystein (sources of SO

4
), the formula had to be adapted. 

In water, SO
4
 is in solution. We used the molecular 

weight of SO
4
 (96), and an absorption rate of 70%, 

which resulted in a conversion factor of 0.0146 for SO
4
 

(instead of 0.00049 for proteins).
This analysis showed that sulfate and bicarbonate 

are never found together in the same water in high 
amounts (Fig. 26.4). In general, calcium is mainly pre-
dicted by SO

4
. In waters with a positive PRAL value 

(acid waters), it is predicted mainly by SO
4
, i.e., for 

83.8% (stepwise regressive analysis, p < 0.001). In 
alkaline waters with a negative PRAL value, calcium 
was mainly predicted by bicarbonate, but it explained 

References M�ineral water  
(mg/day)

Calcium intake 
(mg/day)

PRAL of  
mineral waters

Effect on bone metabolism  
(% changes)

pl.CTX pl.PTH Urine CaBicarbonate Sulfate Calcium Na Diet Total (mEq/day)

Meunier1 290 1,530 595 7 566 1,162 −10.4 −16.3 −14.2

71 8 12 12 546 558 +13.2 +29.6 +3.3

EMINOS -1.8 2,528 215 361 382 1,040 1,401 −20.4 −31 +0

605 1,781 728 14 1,040 1,768 +13.1 +13 +38

Roux16 2,179 4 606 60 400 1,006 −10.4 −30 −11

292 1,551 560 7 400 960 +13.2 −7 −7

EMINOS-2.9 3,258 14 822 101 965 1,787 −16.6. −16 −17

437 1,740 780 8 965 1,745 +13.8 +2 +2

EMINOS-3 4,483 138 155 1,758 ±850 ±1,000 −40.8 No effect

586 20 158 11 ±850 ±1,000 −1.8 No effect

Table 26.2  Controlled interventional studies with mineral waters of different PRAL values
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Fig. 26.4  Correlation between calcium (Ca) and Sulfate (SO
4
) 

in 150 European Mineral waters, separated by bicarbonate val-
ues: relatively low (filled square) or high (gray circle) content of 
bicarbonate (±11.8  mEq/L, respectively 720  mg/L). Asterisk: 
outlier = water from meteoric rocks.10 With permission from 
British Journal of Nutrition
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only 26.5% of the variation (p < 0.001). And the PRAL 
value was mainly predicted by Na, explaining 89.3% 
of the variation (p < 0.001), and not by bicarbonate. 
This means, that mineral waters with a high calcium 
content mostly contain relatively high concentrations 
of SO

4
 and are slightly acid, while alkaline mineral 

waters which are rich in calcium and bicarbonate, suit-
able for decreasing bone resorption even in calcium 
sufficiency, are rare.

In this context, is has to be reminded, that SO
4
 prob-

ably has no effect on urinary calcium excretion.12,13 
One study14 reported such an effect, but the effect was 
small (20 mg/24 h), and the calcium intake was about 
980 mg/day and uncontrolled.15 The evidence speaks 
rather against a calciuric effect of SO

4
.

26.2 � The Influence of PRAL

As discussed above, the alkali load of a mineral water, 
especially its bicarbonate-content, seems to provide an 
additional positive effect on bone metabolism. This led 
us to examine the importance of the PRAL value of 
mineral waters, especially the alkali load, on the out-
comes of interventional trials. A comparison of the 
controlled interventional trials,17 where the PRAL of 
the mineral waters could be calculated, showed that 
decreases in bone resorption markers and/or urinary 
calcium excretion and/or PTH were observed with the 

lower PRAL values, independent of the amount of cal-
cium administered in the mineral water (Table 26.2). 
One study presented an exception, the EMINOS-3 
study, where a mineral water with an extremely low 
PRAL value had no effect on bone metabolism. This 
water was moderately rich in calcium and contained a 
significant amount of sodium, 21–250 times more than 
the other waters with negative PRAL values. Indeed, 
when the average composition of 150 European min-
eral waters are considered (Wynn 2009), and the aver-
age PRAL value is calculated (−5.9 mE/L), sodium is 
responsible for 53 % of the PRAL value, while cal-
cium, Mg, and K together predict only 25%. Without 
Na, the PRAL value of the water used in this study 
(EMINOS-3) would not be −40.8  mEq/1.5  L, but 
+25.5. Therefore the negative PRAL value of a mineral 
water which is mainly due to a high Na-content does 
not exert the same positive effect on bone metabolism 
as that of a mineral water with a low PRAL value due 
to calcium.

26.3 � Recapitulation

The comparison of all waters used in controlled trials 
with significant outcomes allows us to understand the 
various results observed in these studies (Table 26.3). 
Inhibition of bone resorption could be demonstrated 
with mineral waters rich in calcium and sulfate in 

Brand of mineral waters:
EMINOS-2: A Adelbodner; B Krinisca, EMINOS-3: A Henniez; B Vichy, Roux: A Antica Fonte; B Ferrarelle, Meunier: A “placebo water”; B Antica 
Fonte
Not indicated: Cl− (below 22 mg/L except Vichy: 235), F− (below 0.5 mg/L), K+ (below 12 mg/L, except Vichy: 71)

mg/day Meunier1 Roux16 EMINOS-29 EMINOS-3

A

0.5 L/day

B

0.5 L/day

A

1 L/day

B

1 L/day

A

1.5 L/day

B

1.5 L/day

A

1.5 L/day

B

1.5 L/day

HCO3− 36 145 292 2,179 436 3,258 587 2,989

SO4− 4 765 1,530 4 1,740 14 20 138

Ca++ 6 298 559 606 780 822 158 103

Na+ 6 4 7 60 8 101 11 1,172

Mg++ 4 39 80 27 52 98 29 10

Ca/diet <700 <700 400 400 965 965 >800 >800

Effect of 
mineral  
water

None in  
Ca-deficiency

Positive in 
Ca-deficiency

Moderate in  
Ca-deficiency

Positive in  
Ca-deficiency

None in  
Ca-sufficiency

Positive despite  
Ca-sufficiency

None in  
Ca-sufficiency

None in  
Ca-sufficiency

Table 26.3  Composition of mineral waters, respective intake per day, and effects on bone metabolism in four controlled clinical trials
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subjects who were in calcium deficiency, i.e., with a 
low dietary calcium intake.1 In fact, for demonstrating 
such an effect of the calcium in mineral water, subjects 
with a low calcium intake were chosen for the trial. 
For an easy comparison, special water with extremely 
low calcium was chosen, which obviously had no 
effect. Another trial tried to demonstrate that mineral 
water rich in bicarbonate, in addition to its calcium 
content, is more effective at improving bone metabo-
lism.16 It succeeded by getting significant results in 
bone metabolism with the bicarbonate-rich water. But 
the water used as control, which had the same amount 
of calcium, but a low level of bicarbonate, showed the 
same profile of actions, mainly antiresorptive one, 
which however were not significant. This trial was 
performed in subjects with a relatively low-calcium 
diet, whose total intake – together with the mineral 
water – became normal.

The situation is different in calcium sufficiency, i.e., 
in subjects with a relatively high calcium intake. In this 
situation, only mineral waters which are also rich in 
bicarbonate exert an inhibition of bone resorption 
(EMINOS-2). Bicarbonate-rich waters with a rela-
tively low calcium content have no measurable effect 
on bone metabolism (EMINOS-3).
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Abbreviations

17b-HSD	� 17b-Hydroxysteroid dehydrogenase
DHEA	 Dehydroepiandrosterone
NAE	 Net acid excretion
NEAP	� Net endogenous acid production
pQCT	� Peripheral quantitative computed tomography
PRAL	 Potential renal acid load

27.1 � Introduction

In addition to genetics, muscle mass and endocrine 
factors are major determinants of skeletal mineraliza-
tion, bone mass, and bone strength. Among the modifi-
able factors which relevantly influence bone parameters, 
nutrition plays an important role. Until now, almost all 
corresponding studies on bone have focused on dietary 
or hormonal influences alone, thereby considering 
body size-related factors like BMI, fat mass, or lean 
body mass either as confounders or as additional 
potential predictors. However, examinations combin-
ing all these three determinants (muscularity, specific 
hormones, and dietary factors) to evaluate their respec-
tive possible contributions to bone status are lacking. 
Therefore, we studied the potential influences on dia-
physeal cortical bone of the muscular component as 

indexed by muscle area, steroid hormones as quanti-
fied in 24-h urine samples, and dietary factors obtained 
from repeated diet records all combined in healthy 
children. Regarding nutrition, a special emphasis was 
placed on dietary alkalinity and protein intake.

27.2 � Protein Intake and Dietary 
Alkalinity in the Ancestral 
Paleolithic Diet

More than 10,000 years ago, when livestock breeding 
and cultivation of grain did not exist and our human 
ancestors primarily lived on wild game, fish, and 
uncultivated plant foods, nutrient intakes differed con-
siderably from today – not only with respect to fat 
profile and fiber intake. Especially, protein intake was 
very high (Table 27.1). This probably supported mus-
cle anabolism, particularly necessary at that time not 
only for the long walks in search of new food sources, 
but also, in particular, for a successful hunting.

As a result of the high protein intake and the conse-
quently ingested considerable acid load (in the form  
of sulfur-containing amino acids and protein-bound 
phosphorus), an increase in renal calcium losses should 
have occurred, because renal calcium reabsorption and 
calcium conservation is clearly negatively affected by 
the acid loads the kidney has to cope with. Tubular cal-
cium reabsorption at different kidney sites, e.g., in the 
proximal tubule and the thick ascending limb of Henle’s 
loop is directly reduced by the raising amounts of pro-
tons [H+] that have to be renally excreted.1,2 Additionally, 
acid-induced reductions in bone mineral content (BMC) 
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are known for decades in a number of pathophysiologi-
cal conditions. This is consistent with the role of bone 
as an important proton buffer3 and it can further explain 
as to why renal calcium losses increase on diets with a 
high proton-generating potential.

However, despite a principally acidifying very high 
animal protein intake, total dietary acid load was prob-
ably rather low in ancestral hominids, living as hunter-
gatherers. High energy needs and irregular availability 
of prey forced them to also use all relevant nonanimal 
food sources available at that time. This, most likely 
led to regular intakes of “mixed diets” with indeed low-
carbohydrate content, but an abundant consumption of 
tubers, roots, wild fruits, seeds, and wild vegetables.4 
According to the intake estimates published by Eaton 
and Eaton,4 the overall diet must have provided a high 
intake of base-producing minerals (cations) especially 
potassium and magnesium. If the estimated average 
amounts of absorbed cationic minerals (which in meta-
bolic steady state largely correspond to the amounts 
renally excreted) are subtracted from the estimated 
amounts of absorbed noncombustible anions, a nega-
tive potential renal acid load (PRAL) results (Table 27.1) 
showing that the Paleolithic diet basically yielded a 
base-forming or alkaline nutrition. Accordingly, a net 
endogenous acid production (NEAP) – quantifiable in 

24-h urine samples as urinary net acid excretion (NAE)  – 
of around 0 mEq/day or slightly above (+6 mEq/day; see 
calculation in Table  27.1) would have been expected.  
This is in clear contrast to the acid load which is regu-
larly observed on a typical western diet of today 
(Table 27.1).

Hence, it can be assumed that urinary calcium losses 
were rather low in the Paleolithic Age, despite very 
high protein intakes. In parallel, the overall low PRAL 
of that diet may have substantially contributed to an 
improved bone status: Increases in dietary alkalinity 
(or reductions in nutritional acid load) are positively 
associated with bone status (Table 27.2) and it is widely 
assumed that long-term minimization of dietary acidity 
represents an independent bone-anabolic action.

In addition to that, research in the recent years has 
provided substantial evidence that dietary protein itself 
is also bone-anabolic (apart from its acid-forming bone 
detrimental potential). Subjects ingesting low amounts 
of protein in the long run, appear to suffer measurable 
bone losses.26 The bone-anabolism of higher protein 
intakes probably operates via increases in circulating 
and consequently also bone tissue-available IGF-1 
levels.26,27 A recent study of our group in healthy chil-
dren of the Dortmund Nutritional and Anthropomet
ric  Longitudinally Designed (DONALD) Study has 

Paleolithic diet (3,000 kcal/day) US diet today (2,500 kcal/day)

Intake (g/day)b Urine (mEq/day) Intake (g/day)a Urine (mEq/day)

Protein 226.0 – 79.0 –

® Urinary sulfate – +110 – +39

Phosphorus 3.2 +118 1.5 +55

Potassium 10.5 −215 2.5 −51

Calcium 1.6 −20 0.9 −12

Magnesium 1.2 −32 0.3 −8

Dietary PRALc −39 +23

Organic acidsd +45 +45

Urinary NAEe +6 +68

Table 27.1  Dietary PRAL and net acid excretion (NAE) in the Paleolithic Age and todaya

aTable adapted from Remer and Manz5

bIntake data from Eaton and Eaton,4 with ~30% of energy from protein
cCalculated according to Remer and Manz6 with the only exception that sodium and chloride were not considered
dBasal organic acid excretion was calculated as a diet-independent component of net endogenous acid production (NEAP)  
for an exemplary subject with a body surface area of 1.9 m2

eCalculated according to Remer and Manz6,7 and presenting an estimate of overall daily NEAP
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strongly suggested that this dietary protein-related 
bone anabolism may be, at least partly, abrogated if the 
protein-associated acidity is not appropriately neutral-
ized by dietary intakes of alkali equivalents.28 Hence, 
an alkaline nutrition together with a higher intake of 
protein, similar to the Paleolithic diet, should have a 
particular bone-anabolic impact.

27.3 � Potential Renal Acid Load, Dietary 
Methionine and Cysteine, and 
Diaphyseal Bone Parameters in 
Children Revisited

The PRAL model for the calculation of the diet-depen-
dent daily acid load in humans is based on the ingested 
amounts of all those nutrients which after absorp
tion  and metabolism or metabolic interactions are 

compulsively renally excreted and finally represent the 
major constituents of the urine ionogram. As shown in 
Table  27.1, protein (of which the sulfate-containing 
amino acids are metabolized to organic oxidisable con-
stituents and sulfate), phosphorus, potassium, calcium, 
and magnesium belong to those nutrients which are 
considered. The physiologically based acidity calcula-
tion model corrects for the average intestinal absorption 
of the nutrients (PRAL calculation) and in addition – 
for the estimation of total NEAP of a subject – assumes 
a rate of urinary excretion of organic acids proportional 
to body surface area (NEAP = PRAL component + 
 organic acid component). Also sodium and chloride 
have to be taken into account; however, due to fre-
quently inconsistent data in food composition tables, 
especially for salted foods, their contribution may be 
omitted. If the daily intake of cationic sodium and 
anionic chloride, which are absorbed at almost equal 
amounts, does not differ, their contribution to overall 

Reference Details Findings

Eaton-Evans et al8 77 females, 46–56 years Vegetables

Michaelsson et al9 175 females, 28–74 years K intake

New et al10 994 females, 45–49 years K, Mg, fiber, vitamin C

Past intake: fruit and vegetables

Tucker et al11 229 males, 349 females, 75 years K, Mg, fruit, and vegetables

New et al12 62 females, 45–54 years K, Mg, fiber, vitamin C

Past intake: fruit and vegetables

Jones et al13 215 boys, 115 girls, 8–14 years K, urinary K

Chen et al14 668 females, 48–62 years Fruit

Miller et al15 300 males, 50–91 years K, Mg

Stone et al16 1,075 males, ³65 years K, lutein

Tylavsky et al17 56 females, Tanner stage 2 Fruits and vegetables

New et al18 1,056 females, 45–54 years Alkali load, K, low protein

McGartland et al19 328 boys, 12 years; 369 girls, 15 years Fruits and vegetables

Macdonald et al20 3,226 females, 55 years K intake

Hirota et al21 262 girls, 286 boys, 10–15 years Fish, fruit, vegetables

Vatanparast et al22 85 males, 67 females, 8–20 years Fruits and vegetables

Chen et al23 670 females, 48–63 years Fruits and vegetables

Prynne et al24 132 boys, 125 girls, 16–18 years; females >60 years Fruits and vegetables

Welch et al25 14,563 females and males, 42–82 years Alkali load

Table  27.2  Literature findings on positive associations of alkaline-based nutrition (high in fruits and vegetables) with bone 
parameters in observational population studies
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NEAP is 0, since it is the anion–cation difference that 
finally determines daily net acid load. On the other 
hand, in case of well known sodium and chloride intake 
amounts, e.g., due to available specific chemical food 
analyses or particular dietary habits, for example, 
involving regular intakes of large amounts of sodium 
bicarbonate-rich mineral waters, both minerals should 
be taken into account or at least a reasonable estimate 
of their difference.

The conventional PRAL model assumes constant 
amounts of methionine and cysteine per 100 g protein 
intake, irrespective of the protein source, in order to 
estimate the milliequivalent amounts of H+ ions and 
sulfate generated from either daily protein intake or 
the protein content per 100  g of a certain food.6,7 
However, methionine and cysteine content per 100 g 
protein markedly varies between different foods. For 
example, tuna and swordfish have much different 
methionine and cysteine contents per 100 g edible por-
tion compared to chicken and turkey.29 Figure  27.1 
illustrates these differences for certain food groups 
each showing an average value for the summed methi-
onine and cysteine amount (in g/100 g of the respec-
tive protein) as obtained from several representative 
food items. It is obvious from these data that (1) ani-
mal protein generally yields higher amounts of sulfur 

amino acids than vegetable and fruit protein, (2) cereal 
protein on an average lies in between that of fruit and 
vegetable and milk, and (3) egg and fish protein have 
the highest acid generating potential. Accordingly, it 
has been criticized that estimating sulfuric acid pro-
duction using a constant value for the sulfur content of 
protein may present a relevant source of error in the 
PRAL model, depending on the specific dietary 
proteins.30

For this reason, we reanalyzed our recent findings 
on the association between long-term dietary PRAL of 
healthy children and their bone status as determined by 
peripheral quantitative computed tomography (pQCT)28 
to check whether there may possibly emerge even 
stronger negative correlations between dietary acidity 
and bone parameters when food-specific methionine 
and cysteine content data are considered for PRAL 
calculation instead of only a single average value6 for 
all type of proteins. Calculations and regression analy-
ses were run as described in detail28 with the only dif-
ference that the new PRAL calculation used the mg 
amounts of methionine and cysteine for individual 
foods as given in food composition tables31 or the 
US  Department of Agriculture National Nutrient 
Database for Standard Reference.29 Results of reanaly-
ses are shown in Fig.  27.2 along with a graphical 

6.0
4.9 3.8

4.4

3.4

3.0

2.2

Fig. 27.1  Average methionine and cysteine contents per 100 g protein portion of foods of different food groups (methionine and 
cysteine summed, g/100 g protein)
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representation of the original findings (“old PRAL”). 
It is discernible that use of the more differentiated 
PRAL model based on the individual sulfate genera-
tion potential yielded no substantially different picture 
for the PRAL association than the previous calcula-
tion. Although one might have expected a clearer dif-
ference between both the approaches,30 our observation 
of similar PRAL-bone relationships are in line with the 
fact that earlier diet studies using the conventional 
PRAL method had demonstrated almost accurate esti-
mations of the actually excreted (biochemically ana-
lyzed) daily amounts of urinary sulfate in healthy 
adults on a lactovegetarian, a moderate protein, and a 
high protein diet.7 Thus, it can be concluded that food-
specific data on methionine and cysteine content pos-
sibly allow a more accurate calculation of the 
diet-induced NEAP for particular diets, for example, 
based on certain food preferences like fish or eggs. 
However, for common mixed diets, food-specific sul-
fur amino acid data appear not to be necessarily 
required to obtain reasonable PRAL estimates.

Apart from this, it must be kept in mind that the 
protein-mediated effects on bone become further com-
plicated by the obviously contrasting influences of sul-
fur amino acid-dependent increases in dietary acid 
loads on one hand and concurrent bone-anabolic influ-
ences via an IGF-1 stimulating protein action on the 
other.26,27 In this regard, it is so far not clear which pro-
teins or amino acid combinations actually show the 
strongest IGF-1-related bone-anabolic impacts (inde-
pendent of their acidity-related effects) and it cannot 
be excluded that just those proteins with higher methi-
onine and cysteine contents might be most effective. 
For example, Larson et  al32 found almost significant 
trends for an association between either meat or fish 
intake and circulating IGF-1, but no trends for milk 
intake, whereas Hoppe et al33 reported that milk intake, 
but not meat intake was positively associated with cir-
culating IGF-I in healthy, well-nourished, 2.5-year-old 
children. A direct positive influence of milk protein on 
both IGF-1 plasma levels and bone mineral density has 
been impressively demonstrated by Schurch et al27 in 
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an intervention trial in elderly patients with osteoporo-
tic hip fractures. These results and further studies26,28 
provide strong evidence that dietary protein exerts an 
important bone-anabolic influence and is hence a rele-
vant nutritional contributor to bone strength.

27.4 � Endogenous Steroid Hormones, 
Muscularity, and Dietary Influences 
on Diaphyseal Bone: 
Reexamination of Existing 
Measurement Data in Children

27.4.1 � Adrenarchal Sex Steroids  
and Study Inclusion Criteria

Besides genetics, mechanical loads from muscle con-
traction, metabolic effects, and nutritional influences, 
also endocrine factors are major determinants of skel-
etal mineralization, bone mass, and bone strength. Sex 
hormones play an important role in the regulation of 
bone formation and bone turn-over. While androgens 
show an independent influence on bone formation, evi-
dence is now overwhelming that also in males estro-
gens are responsible for a major part of the bone-anabolic 
impact of sex steroids.34 Peripheral aromatase being 
present in adipose and other tissues in both the sexes 

converts a substantial fraction of males’ daily secreted 
testosterone to estradiol. Estrogens inhibit bone remod-
eling by concurrently suppressing osteoblastogenesis 
and osteoclastogenesis from marrow precursors.34

Sex steroids are also effective in children. Accordingly, 
positive associations between bone architecture or bone 
modeling and sex steroids have been observed during 
growth.35,36 However, in childhood (i.e., in prepuberty), 
most of the sex steroid activity is derived from adrenal 
androgen secretion. During childhood, the adrenal cor-
tex changes in size, cell distribution, and function and 
begins to secrete steadily increasing amounts of adrenal 
androgens, even a number of years before the onset of 
puberty.37 This phenomenon is termed adrenarche. 
Adrenal C19 steroid secretion, principally dehydroepi-
androsterone (DHEA) and its sulfate ester, continues to 
rise until the age of 20–30 years. DHEA can be readily 
converted to more potent sex steroids as estradiol and 
testosterone. One of DHEA’s direct conversion products 
is androstenediol (Fig. 27.3). The enzymes 17b-hydrox-
ysteroid dehydrogenase (17b-HSD) types 1, 3, and 5 
catalyze not only the activation of sex hormone precur-
sors (like androstenedione and Estrone) to testosterone 
and Estradiol,38 but also the conversion of DHEA to 
androstenediol.38,39 Androstenediol has been shown to 
exert clear sex steroid effects. Depending on the target 
tissue, androstenediol’s transcriptional regulation of 
either the androgen or the estrogen receptor preponder-
ates (Fig.  27.3) (for literature, see Remer et  al36).  
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Fig.  27.3  Androstenediol – an androgenic and estrogenic sex steroid and its direct conversion from dehydroepiandrosterone 
(DHEA)
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In healthy children, androstenediol or DHEA have been 
shown to be associated with bone modeling, indepen-
dent of the important direct impact of muscularity (i.e., 
muscle forces) on bone structures. In studies of either 
dietary or hormonal influences on the proximal radius of 
children, the local bone-related muscularity – as reflected 
by pQCT-measured muscle area at the respective bone 
measurement site – showed the strongest association 
with most of the analyzed diaphyseal bone outcomes 
(cortical area (CA), BMC, polar strength strain index 
(SSI)).28,35,36

Until now, sex steroid- and muscularity-related 
effects on bone as well as dietary influences such as 
PRAL and protein intake have been studied separately, 
and a combined examination trying to analyze nutri-
tional and hormonal covariates together is lacking. For 
this reason, we reanalyzed the existing data on adrenar-
chal hormone measurements, dietary PRAL, protein and 
mineral intakes of a group of healthy children for whom 
parallel data on pQCT measurements at the proximal 
forearm bone and muscle area were available. All the 
children included were participants of the DONALD 
Study. To eliminate potential confounding by increasing 
puberty-related estrogen levels, which until now could 
not be reliably and validly quantified in urine samples of 
children and adolescents, we only included prepubertal 
children (n = 107) (Tanner 1).

27.4.2 � Aims and Methods

The aim of the present reexamination was to compare 
the potential influences of dietary factors with those of 
adrenarchal steroid hormones including the sex steroid 
androstenediol after accounting for local bone-related 
muscularity (Fig. 27.4).

Methodological details regarding steroid pro
filing, bone analysis, and nutritional examination in 
the DONALD Study were recently described in 
detail.28,35–37,40

27.4.3 � Results

Mean age, body weight, BMI standard deviation scores 
(BMI-SDS), and energy intake of the 107 prepubertal 
healthy DONALD participants (57 boys, 50 girls) were 

8.6 (SD, 1.9) years, 31.0 (9.8) kg, −0.04 (0.95), and 6.1 
(1.0) MJ, respectively. PRAL, protein, calcium, 
sodium, and soft drink intakes were found to average 
9.0 (5.8) mEq/day, 2.0 (0.3) g/kg/day, 714.1 (165.6) 
mg/day, 1.5 (0.4) g/day, 123.2 (127.6) g/day, respec-
tively. Daily excretion rates of androstenediol (14.0 
(14.8) mg/day), total androgens (449.8 (515.6) mg/day), 
and immediate DHEA metabolites (DHEA&M)35 
(449.8 (515.6) mg/day) lay within the normal ranges as 
recently published.37 BMC, CA, and SSI were 43.2 
(12.4) mg/mm, 42.8 (10.9) mm2, and 137.0 (46.3) mm3, 
respectively.

In multiple regression analyses, we considered the 
following potential predictors or covariates in addition 
to local muscle area, dietary protein intake, and 24-h 
urinary hormone excretion: age, sex, fat-free mass 
index, fat mass index, soft drink consumption, intake 
of sodium, vitamin D, vitamin K, calcium, and PRAL. 
Variables were included stepwise starting with the 
block encompassing age, anthropometrics, and muscle 
area, followed by the nutritional variables and ending 
with androstenediol, C19, and DHEA&M.

In the final model, of all considered hormones only 
androstenediol remained significant (log SSI, p < 0.01; 
CA, p < 0.001; BMC, p < 0.001) with explained varia-
tions (R2) of 2, 5, and 6%, respectively. Only after 
androstenediol was included, also protein intake, but 
no other dietary variable showed almost significant 
trends for CA (p = 0.06) and BMC (p = 0.07) with 
explained variations of 1% each. For all bone variables, 
muscle area explained most of the variation (R2: 
59–66%) (p < 0.0001).

Combined analysis of the effects of

Dietary PRAL

Protein intake

Mineral intake

(Ca, Na)

Adrenal sex steroids

Muscularity

(bone site-related)

on diaphyseal bone

Fig. 27.4  Study aims
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To illustrate and compare the magnitude of the asso-
ciation of BMC and CA with daily androstenediol excre-
tion and nutritional factors, log-values of androstenediol 
excretion, dietary protein density (gram protein intake/
MJ energy intake), and dietary calcium density (gram 
calcium intake/MJ energy intake) were grouped into 
three categories respectively: low (<25th percentile), 
medium (³25th and £75th percentile), and high (>75th 
percentile). Linear regression models were used, adjust-
ing for potential confounders, identified in the stepwise 
regression analyses. The adjusted geometric means of 
geometric means of the bone variables BMC and CA by 
categories of respective independent variables were pre-
dicted by the model when the other variables were held 
at their mean values. Figure 27.5 shows that the associa-
tions of androstenediol and energy-adjusted protein 
intake, but not energy-adjusted calcium intake, were sig-
nificant for BMC and CA with almost comparable effect 
sizes for the hormone and protein intake.

27.4.4 � Conclusions

Our results suggest that among the dietary influences 
on diaphyseal bone in prepubertal children, protein has 
the strongest impact and this is independent of muscu-
larity and sex steroids. However, in this subgroup of 
prepubertal children, we did not observe an associa-
tion between PRAL and bone variables.

As has been recently shown, the association of 
dietary PRAL with forearm bone is weaker than that of 
protein intake and it appears from our previous exami-
nation in 229 children and adolescents (in which hor-
mones were not accounted for)28 that the statistical 
power could have been too small in the current analysis 
to identify a significant PRAL-bone relationship. 
Another reason for not finding a significant association 
between dietary acidity and bone outcomes in our pre-
pubertal DONALD subgroup could have been that 
overall variation of dietary PRAL in our sample was 
only moderate (Interquartil range: 5.4–12.2 mEq/day).

The explained variations (R2) for protein intake 
(1%) of the bone variables BMC and CA which (among 
all nutritional factors considered) showed a trend for 
significance were clearly lower than the R2 of the sex 
steroid androstenediol (5–6%). Despite this, our com-
parison of the bone-related effect sizes of andros
tenediol with the corresponding effect sizes of the 
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bone-anabolic nutrient protein, give us an idea of the 
relative importance that diet has in comparison to 
endocrine factors both of which (diet and hormones) 
are relatively moderate in magnitude as compared to 
muscularity (data not shown).

Low explained variations of only a few percent are 
what researchers in nutritional science are frequently 
confronted with and they should be aware of it. 
However, nutritional behavior and diet affect bone 
health and other physiologically and pathophysiologi-
cally relevant outcomes in a sustained way in the long 
run. The importance of preventive long-term effects 
can best be assessed by examining the respective effect 
sizes of the dietary intakes of interest and not by their 
contributions to explained variation. The magnitude of 
the association (effect size) of diaphyseal bone param-
eters with protein intake is not that much less than the 
magnitude discernible for the sex steroid androstene-
diol. Therefore, minor explained variations of bone 
outcomes by dietary factors like protein intake (or 
PRAL28) must not be misinterpreted as clinically irrel-
evant in the long run. Nutritional prevention of reduced 
bone accretion and bone loss, although somewhat lower 
in magnitude than bone-anabolic hormonal influences, 
remains an important challenge.
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28.1 � Introduction

The potential link between dietary sodium chloride 
(NaCl), hypertension, and osteoporosis has been spec-
ulated upon for years. Increased NaCl intake is associ-
ated with increases in blood pressure both in metabolic 
balance studies and in population studies.

Acute NaCl infusions and increased diet NaCl 
induce a hyperchloremic metabolic acidosis. Accu
mulating clinical and epidemiologic data suggest that 
chronic low-grade diet and age-related metabolic  
acidosis increase bone resorption and loss of bone 
mass.

Acute NaCl loading inhibits endothelial nitric oxide 
synthase (NOS) in a dose-dependent manner in cell 
systems and transfected cell lines. Asymmetric dime-
thylarginine (ADMA) also inhibits the conversion of 
l-arginine to nitric oxide (NO). NO is a direct vasodi-
lator, and decreases in NO production are associated 
with higher blood pressures.

Persons, who are particularly sensitive to salt, gen-
erally defined as an increase in mean arterial pressure 
of three to five mmHg after an increase in dietary salt 
intake, have increased levels of ADMA (resulting in 
less NO production) and increased urinary calcium 
excretion compared to salt resistant subjects. In cohort 
studies, subjects at risk for salt sensitivity, such as 
those with metabolic syndrome, are more likely to 
have lower bone mineral density (BMD) and a higher 
incidence of osteoporotic fractures.

Those considerations raise the possibility that salt 
sensitivity is the key to predicting who, on a high NaCl 
diet, would be particularly prone to developing not 
only high blood pressure, but increased bone break-
down, which can predispose to osteoporosis.

28.2 � NaCl, Metabolic Acidosis, and Bone

In in vitro studies, metabolic acidosis activates osteo-
clasts and bone resorption, deactivates osteoblasts and 
bone mineralization, and increases calcium loss from 
bone as the systemic pH decreases.1,2 Bushinsky et al 
elegantly demonstrated in mouse calvarie that calcium 
efflux from bone dose-dependently increases as the 
systemic pH and plasma bicarbonate concentration 
decrease, whether the bone cells are alive, dead, or 
stimulated with PTH or vitamin D. This group has also 
recently shown that OGR-1 is the proton-sensing 
receptor on the osteoblasts that induces activation of 
the osteoclasts in a high acid environment.3

Cross-sectional analyses of human metabolic balance 
studies demonstrate that increased ingestion of dietary 
NaCl is independently associated with lower steady-state 
blood pH (increased acid levels) and lower steady-state 
plasma bicarbonate levels within the range considered to 
be clinically normal, (viz. a low-grade chronic metabolic 
acidosis) compared with the ingestion of a lower dietary 
NaCl intake.4 This effect is independent of the diet, net 
acid load, renal function, and the partial pressure of car-
bon dioxide, the three other variables that have been 
shown to regulate systemic pH and bicarbonate.

The dose-dependent acid–base effects of NaCl are 
even more pronounced in salt-sensitive rats.5 Batlle et al 
demonstrated in Dahl/Rapp salt-sensitive and salt-resistant 
rats that not only urine net acid excretion (NAE) increased 
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as NaCl intake increased, but also the NAE increases in 
the salt-sensitive rats was significantly greater than in the 
salt-resistant rats at all levels of salt intake. In other 
words, the salt-sensitive rats had more of a metabolic aci-
dosis with any salt intake than the salt-resistant rats.

More recently, a small prospective study in young 
healthy subjects has demonstrated that dietary NaCl 
increases this low-grade chronic metabolic acidosis in 
a dose-dependent fashion and this is associated with 
significant dose-dependent increases in urinary excre-
tion of calcium and bone resorption markers such as 
C-telopeptide.6 Sharma et al has also shown that salt-
sensitive humans had significantly lower blood pH and 
plasma bicarbonate levels on high salt diets compared 
to salt-resistant subjects.7 Whether salt-sensitive sub-
jects have a higher incidence of osteoporosis and frac-
tures would be predicted, but has not been prospectively 
demonstrated.

28.3 � NaCl and Nitric Oxide Synthesis

NO is generated from l-arginine by the enzyme NOS. 
Vascular endothelial cell-produced NO is a direct 
vasodilator, leading to decreased blood pressure. 
Recently, NaCl has also been shown to dose-depend-
ently decrease endogenous nitric oxide synthase 
(eNOS) activity in both bovine aortic endothelial cells 
(BAEC) as well as transfected Chinese hamster ovar-
ian cells (CHO-eNOS).8 The phosphate salt of sodium 
also dose-dependently decreased eNOS activity.

ADMA, which derives from the methylation of 
arginine residues in proteins, is a competitive inhibitor 
of eNOS; increases in ADMA inhibit NO-related vaso-
dilation, leading to increased blood pressure. In 13 
salt-sensitive normotensive subjects, Fang el al. dem-
onstrated significantly higher mean blood pressures 
and ADMA levels on a high salt diet, compared to a 
low salt diet and compared to 47 salt-resistant subjects 
on either salt diet.9

28.4 � Nitric Oxide and Bone

Nitrates are metabolized to NO by multiple factors, 
including thiol compounds, deoxyhemoglobin in eryth-
rocytes, and enzymes in the cytochrome P450 system. 

More recently, the mitochondrial isoform of aldolase 
dehydrogenase, ALDH-2, has been shown to be a high 
affinity metabolic pathway for nitrate precursors of 
NO.10 Interestingly, several recent clinical studies have 
suggested that giving nitrates will improve BMD.11,12 A 
recent comparison study by Nabhan and Rabie demon-
strated in 60 postmenopausal women with osteoporosis 
that 12 months treatment with isosorbide dinitrate 20 mg 
three times a day was as effective as alendronate 70 mg 
weekly in improving BMD and DEXA T-score (10.8 vs. 
12.1% respectively; p < 0.05 for each within group 
increase, p = 0.7 for between group differences).11

NOS have been demonstrated in both osteoclasts and 
osteoblasts.13,14 Rats that are deficient in the eNOS gene 
have significant reduction in bone formation.15 NO pro-
duced by bone cells may play an important role in 
mechanical strain-induced bone remodeling.16

NO may also be the mediator by which estrogen or 
androgen therapy improves BMD. Studies in castrated 
or oophorectomized rats with decreases in BMD after 
surgery had equivalent improvements in BMD when 
either nitrates or hormone replacement therapy was 
given.12,17 Preoperatively treating the rats with the 
NOS blocker l-NAME prevented the loss of BMD 
seen in the sex-steroid-deficient rats not given 
l-NAME.17

28.5 � Salt Sensitivity and Bone 
Metabolism

From the previous paragraphs, dietary NaCl might be 
expected to adversely affect bone metabolism through 
two pathogenetic pathways: by inducing a low-grade 
metabolic acidosis and by inhibiting NO production. 
The data also suggest that these effects will be seen 
especially in those subjects who are salt sensitive. 
Schmidlin et al studied the effects of NaCl intake in 25 
salt-sensitive (SS) and salt-resistant (SR) normoten-
sive subjects on ADMA production and urine calcium 
excretion on both a low (30 mmol/day) salt and a high 
(250 mmol/day) diet in a 2 week crossover metabolic 
balance study. NaCl loading significantly increased 
ADMA only in the SS group, p = 0.007. ADMA levels 
were significantly correlated with urine calcium excre-
tion only in the salt-sensitive group (R2 = 0.47, p = 0.02), 
with no correlation in the SR group (R2 = 0.03, 
p = 0.57).18
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Studies suggest that subjects with risk factors for 
the metabolic syndrome are also more likely to be salt 
sensitive. Chen et al studied 1,881 subjects in northern 
China and evaluated them for salt sensitivity as well as 
the presence of markers for the metabolic syndrome; 
dyslipidemia, abdominal obesity, hyperglycemia, and 
elevated blood pressure. After adjustment for age, sex, 
education, physical activity, cigarette smoking, body 
mass index, and 24-h urinary sodium and potassium 
excretion, there was a progressive increase in the rela-
tive risk for salt sensitivity as the number of risk fac-
tors for metabolic syndrome increased (four or five 
factors; OR 3.54, CI 2.05–6.11).19 Metabolic syndrome 
has been associated with lower urine pH values20 and 
lower NO levels.21 Analyses from several large cohort 
studies have demonstrated in both older men and 
women an association between metabolic syndrome, 
lower BMD, and an increased risk of nonvertebral 
fractures,22 and between lower BMD and type 2 
diabetes.23,24

Conversely, subjects who are insensitive to salt, 
such as those with mutations leading to renal salt 
wasting, might be expected to have less salt-induced 
bone resorption. Cruz et al have shown that subjects 
who are homozygous for the NCCT mutation (of 
the thiazide sensitive Na–Cl transporter in the dis-
tal tubule in the kidney) have significantly higher 
serum bicarbonate levels, lower urine calcium excre-
tion associated with higher urine Na excretion, and 
higher BMDs than subjects who are heterozygous 
for the mutation, and both the groups are higher than  
the subjects who are homozygous for the wild-type 
alleles.25

28.6 � Common Final Pathway?

Are the two pathogenetic pathways interrelated? Is 
there a relationship between metabolic acidosis and 
NO synthesis? Studies by Mitch et  al over the last 
decade have demonstrated that in muscle cells meta-
bolic acidosis inhibits the signaling pathway for insu-
lin and IGF-1, leading to decreased intracellular 
phosphoinositol-3-kinase (PI3K) activity, which in 
turn leads to activation of nuclear factors, caspase-3 
activity, and increased protein degradation.26 In 
endothelial cells, IGF-1 is the receptor that activates 
PI3K leading to increased NO synthesis.27

NaCl, then, might in fact have a “double whammy” 
effect on bone; (1) by inducing a metabolic acidosis 
and (2) by inhibiting NO production, the latter result-
ing perhaps separately from metabolic acidosis 
(inhibiting IGF-1 signaling) and salt loading (enhanc-
ing ADMA levels). Those subjects who are particu-
larly sensitive to the effects of NaCl would be those 
most likely to demonstrate increased bone break 
down and decreased BMD. This formulation would 
help strengthen the previously speculated upon but 
unproven positive association of hypertension and 
osteoporosis, and perhaps other metabolic diseases, 
such as diabetes and metabolic syndrome, and 
osteoporosis.

28.7 � Conclusions

Osteoporosis is a disease of multifactoral origin sig-
nificantly affected by dietary intake. Whether table 
salt (NaCl) is a factor has been difficult to extrapo-
late; some studies suggest that it is, while others do 
not.28

In this manuscript, we have reviewed how meta-
bolic acidosis increases bone breakdown, increasing 
dietary NaCl intake induces a low-grade metabolic 
acidosis, and rats and humans who are salt-sensitive 
have a significantly increased metabolic acidosis com-
pared to those who are not salt sensitive.

In addition, we have reviewed how increasing NaCl 
intake dose-dependently inhibits endothelial NOS, 
increases ADMA production, and increases urinary 
calcium excretion, a potential marker of bone break-
down. Exogenous replacement of NO has been shown 
to improve BMD in surgically castrated rats and post-
menopausal women.

Finally, we suggest that subjects with metabolic 
syndrome may be prone to salt sensitivity. Subjects 
with metabolic syndrome tend to have lower urine pH 
levels, and metabolic syndrome is associated in multi-
ple cohort studies with increased risk for lower BMD 
and osteoporotic fractures.

In conclusion, salt sensitivity imposes a “double 
jeopardy” on bone by exaggerating the dose-dependent 
NaCl-induced metabolic acidosis and reducing NO 
levels, possibly mediated in part through the effects of 
metabolic acidosis on IGF-1 receptors.
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