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Abstract: A well established stableisotope technique exists for measuring calcium absorption from single foods
and meals, but the long term effects of calcium on bone health cannot be assessed from acute bioavailability
studies. Bone health dependsprimarily onthe degree of mineralization, measured asbonemineral density (BMD),
and phenotypic variations depend on genetic and environmental factors including cal cium supply. Since almost
al retained calcium is used for bone mineralization and remodeling, BMD can be used as a long-term (> six
months) marker of dietary cal cium bioavailability. However, BMD isavery insensitivemarker of cal cium bioavail-
ability, soits usein dietary intervention studies is restricted to periods of significant bone growth or loss. Bio-
chemical markers of bone metabolism may be used to predict the overall bioavailability of dietary calcium over
ashorter time period (> four weeks), but they have a high coefficient of variation, so may not be appropriate for
some dietary intervention studies. A group of European laboratories is currently developing an aternative ap-
proach using along-lived radioisotope (4Ca) to label bone calcium and to directly measure the rate of calcium
loss from urinary excretion data. The efficiency of calcium absorption isinversely related to intake; whole body
balance of the mineral is dependent on rates of absorption and excretion and limited by calcium-binding sub-
stances in the gut. Dietary data and indirect measures of bone health indicate that bioavailability is important
when habitual intakes are low, especially during periods of bone growth or loss. Further research is required to
quantify the effects of major dietary modulators of calcium balance on bone health and to understand their re-

|ationship with genetic and physiological variables.
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Introduction

The skeleton contains two types of bone: highly calcified
cortical tissue that formsthe outer surfaces of most bones
and the shafts of long bones, and trabecular tissue that is
mainly found at the end of the long bones and in the
vertebrae. The growth and maintenance of bone tissueis
dependent on awide range of environmental and genetic
factors. Thelatter accounts for approximately 60—70% of
the phenotypic variance in bone mineral density (BMD),
whereas environmental factors such as diet and lifestyle
account for only 30-40% [1]. Thereisno evidence, asyet,
for amajor geneinfluencing BMD; thefamilial effectsare
assumed to be polygenic. Since it is possible to modify
environmental variablesto improve bone health, it isim-

portant to characterize the effect of diet, including the piv-
otal role of calcium, on bone metabolism.

Osteoporosis is a metabolic bone disease characterized
by low bone mass and deterioration of bonetissuethat leads
to bone fragility and increased risk of fracture. Post-
menopausal (Type |) osteoporosis in women aged 50-75
years (incidence ratio of women:men, 6:1) involves|loss of
trabecular bone and results typically in wrist fracture and
spind vertebrae crush fractures; senile (Typell) osteoporo-
sis in people over 70 years of age (women:men, 2:1) in-
volves|oss of both cortical and trabecular bone, and results
in hip fracture and spinal vertebrae wedge fractures. Strate-
gies to prevent or delay osteoporosis include maximizing
peak bone mass in teenagers and slowing the rate of adult
bone loss, especialy in peri- and postmenopausal women.
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Calcium bioavailability

Calcium balance depends on the relationship between in-
take (absorption) and excretion (urinary, fecal, and other
obligatory losses); a positive balance must be maintained
during growth so that calcium accretion in the skeleton
can take place. Thereiswideintersubject variationin cal-
cium absorption, depending on a number of dietary and
host-related factors [2]. The latter include age (bone
maturity, not chronological age), physiological state (e.g.,
pregnancy, lactation), estrogen status, intestinal secretions
and motility, physical activity (weight-bearing exercise),
vitamin D status, and genotype. Sofar, only onegenepoly-
morphism (vitamin-D-receptor (VDR) gene) has been
implicated in modulating the efficiency of calcium ab-
sorption [3]. Thereisno evidence, asyet, for amajor gene
influencing BMD; the familia effects are assumed to be
polygenic. Cortical boneislessinfluenced by genetic fac-
tors than trabecular bone [4], the effect being most im-
portant around the age of 26 [5], suggesting that genetic
factors have agreater influence on the acquisition of peak
bone mass than on bone preservation. Research on the
interaction between genotype and diet is in its infancy.
There is evidence to indicate that dietary calcium modu-
lates the effect of VDR genotype on bone loss [4, 6], but
little is known about the effect of VDR genotype on bone
accumulation in children consuming different levels of
calcium. A higher self-reported milk consumption in
teenage yearsdid not confer aprotective effect on fracture
risk at ages 40-65 years, but individuals with BB VDR
genotype had an increased risk of hip fracture compared
with Bb or bb, and the genotype effect was greater in the
lower (< 1078 mg/day) calcium group [7]. Further infor-
mation is required on the effect of genotype on calcium
absorption and genotype-dependent responses to calcium
supplements.

Calciumisabsorbed by activetransport and passivedif-
fusion across the intestinal mucosa. Active transport is
vitamin D-dependent and accounts for most of the ab-
sorbed calcium at low to moderate intakes. Passive diffu-
sion isparacellular and is more important at high intakes.
Calcium absorption and intake are inversely related,
declining from 45% at intakes of 200 mg/day to 15% at
intakes above 2000 mg/day. In women, absorptive effi-
ciency falls with age, declining 2.2% at the time of the
menopause and then 0.21% each year thereafter [8]. Effi-
ciency of absorption variesthroughout the lifespan, being
highest in infancy, rising again in early puberty and mid-
to late pregnancy, and declining with age[2]. Changesin
calcium intake lead to up- or down-regulation of absorp-
tion[9].

The most widely accepted method for assessing the
bioavailability of calciuminasinglefood or meal isadou-

ble stable isotope technique derived from a radioisotope
method [10]. An intravenous infusion of acalcium stable
isotope is given together with the test meal that has been
extrinsically labelled with a different calcium stable iso-
tope, and fractional absorption from the oral dose can be
calculated from the appearance of the two isotopesin the
plasmaor urine.

Methods to evaluate bone health

Virtually all calciumretainedfromthedietisusedfor bone
mineralization and remodeling, thus calcium deposition
inbone and its subsequent metabolism could be employed
as an indirect long-term assessment of utilization or bio-
availability. The measurement of bone mineral status is
performed by techniques such as absorptiometry (e.g.
DXA), quantitative computerized tomography, and ultra-
sound, al of which are fairly insensitive and primarily
applicableto situations where significant bone deposition
or loss is occurring and when modulating factors have a
major impact; i.e., theeffectispharmacol ogical rather than
nutritional.

Boneresorption and formation are coupl ed, though sep-
arated in time, in a process known as remodeling which
ultimately determines bone mass. Clinically, bone bio-
markers are used to assess the response to drug therapy
by measuring the rates of bone formation and resorption
after aminimum of three months of treatment. The per-
centage change with successful osteoporosis treatment is
usualy high: 40% to 60% reduction of bone resorption
after three to six months [11]. Changes in bone turnover
affect calcium metabolism and vice versa. Our under-
standing of the relationship between nutritional factors
and bone health may therefore be advanced by ng
bone biomarkers in response to nutritional interventions.
The literature on changes in bone biomarkersin response
tonutritional interventionisgrowing rapidly, however im-
portant issues need to be addressed to allow ameaningful
assessment of the outcome of these studies. For example
what percentage change in biochemical markers demon-
stratesapositiveresponsetodietary intervention?For clin-
icians, the recommendation is to consider a reduction of
> 30% (80% confidence) asarea change[12]. Thelarge
day-to-day variation in urinary markers of bone resorp-
tion (> 15%) [13] and wide intersubject variation [14]
means that numbers of volunteers needed for studies on
biomarker responses to nutrition are relatively high, and
dietary intervention studies should be carried out long
enough to detect changes in the markers of formation so
that a complete assessment of bone turnover may be de-
termined. The other important consideration isthe perma-
nency of observed changesin bone remodeling; appropri-
ate study designs must be used to address these issues.
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A novel 4Ca radiotracer technique is currently under
development for monitoring bone cal cium metabolism in
responseto changesin environmental factors. Theisotope
has a very long half-life (> 100000 years) and once in-
troduced into the body, it will label bone calcium for a
very long period. Theexposureto radioactivity of thesmall
amounts administered isminimal, yet 4Careleased from
theskeletoninlabeledindividualsmay bedetectedinurine
by accelerator mass spectrometry (AMS) for many years
[15]. Approximately 160 days post-dosing, blood or urine
M“Catracer reflectsthe cal ciumresorption fromthelabel ed
part of the skeleton [16]. The longer the individuals are
monitored, themorelikely itisthat 4.Caappearinginurine
reflects changesin thewhol e skeleton rather than thebone
sitesthat are characterized by a high turnover. Once equi-
librium has been achieved, it is hypothesized that it will
be possibleto measurethe effectsof dietary and other vari-
ables on the rate of bone calcium loss, and hence charac-
terize more closely therel ationship between diet and bone
health. This study techniqueistill initsinfancy and lim-
ited to a handful of laboratories because of the few facil-
ities worldwide that can measure 41Ca, and the limited
availability of the isotope.

Calcium intake and bone status

Results of observational studies on childhood calciumin-
take and bone status are inconsistent, probably due to the
poor quality of dietary data coupled with lack of quanti-
tative information on calcium bioavailability from differ-
ent diets[17]. Age, gender, pubertal status, body size, and
parental bone values (mothers > fathers) accounted for
80% of the variance in bone mineral content in adoles-
cents[18]; although diet was|essimportant, high calcium
intake in girls was associated with a significantly greater
increasein bone mineral content and density from 11 to17
yearsof age. Higher calciumintakeshavea so been shown
to increase exchangeable bone calcium in children aged
5-18years[19]. Kardinaal et al [20] measured radial bone
density in girls and young women from six European
countries with mean daily calcium intakes ranging from
609 mg in Italy to 1267 mg in Finland. After adjustment
for confounders, radial BMD was not found to vary sig-
nificantly among quartiles of calciumintakefor either age
group. However, multivariate linear regression demon-
strated a weak positive association between calcium in-
takeand BMD in the girls, the association being strongest
pre-puberty. Inwomenwithalow calciumintake, low frac-
tional calcium absorption has been shown to increase the
risk for hip fracture [21].

Results of randomized controlled trials indicate that
BMD can be modified by diet. Zamora et al [22] report-
ed that vitamin D supplementation in infancy resulted in

a higher BMD at specific skeletal sites in pre-pubertal
Caucasians. Some studies show that differences in bone
accretion rates resulting from calcium supplementation
arenot persistent and are modest rel ativeto theannual per-
centage increasesin BMD typically observed in pediatric
populations. Othersdemonstrate apersi stent effect: for ex-
ample, 850 mg/day additional calcium from calcium-rich
foods increased the femoral shaft BMD of girls [23] and
the effect was sustained one year after the intervention.
Effects were particularly apparent in individuals with
lower self-selected dietary calcium intakes, who also had
a greater change in height. Calcium supplementation
(1000 mg/day) in femae adolescents increased BMD,
the effect persisting for at least 14 months [24]; over 12
months, supplementation increased the BMD of 14-year-
old girls, the beneficial effect being sustained for at least
five years[25].

The influence of childhood calcium intake on adult
bone statusis more difficult to assess. Retrospective stud-
ies report inconsistent findings, mainly due to the diffi-
cultiesinrecalling calcium intakes. The prospective study
of Valimaki et al [26] suggests that exercise level is the
strongest determinant of femoral neck BMD but that
women with higher calcium intakes as a child (800~
1200 mg/day) have ahigher BMD than those with intakes
< 800 mg/day. Within the higher calcium intake range
(941-1204 mg/day), there is no effect of intake on peak
bone mass [27], suggesting that there may be a threshold
effect. Indeed, a prospective study investigating adult
BMD (DXA) and childhood milk consumptioninfemales
with moderate childhood calcium intakes ranging from
986-1157 mg/day, demonstrated a positive relationship
between milk intake and adult BMD [28].

Reducing the rate of bone lossis arecognized strategy
for improving bone health. Calcium and vitamin D sup-
plementation for one year slowed bone loss from the
femoral neck, spine, and whole body in the elderly
(> 68 years) but the benefits to bone health had disap-
peared within two years, emphasizing the need for con-
tinuous supplementation [29].

Dietary modulators of calcium
bioavailability

Dietary constituents that have been reported to affect cal-
cium absorption and/or excretion are shown in Table I.
With respect to putative adverse effects on bone health,
only protein, sodium, and caffeine will be discussed as
they are probably the most important determinants of cal-
cium balance. Evidence for effects on BMD and fracture
risk isshown in Table 1.
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Tablel: Dietary modulatorsof calcium absorption and excretion

Constituent Effect Evidence
strong moderate weak
Protein Cadlciuria I
Sodium Calciuria I
Caffeine Cadlciuria 1

Phosphorus  Increases endogenous Ca
secretion and decreases I
urinary Calosses

Fructose  Negative Cabaance Il
VitaminD  Enhances Caabsorption |l
Oxalate Inhibits Ca absorption Il
Phytate Inhibits Ca absorption I
CPPs* Enhances Ca absorption I
NDOs** Enhances Ca absorption I

*  Caseinophosphopeptides.
** Nondigestible oligosaccharides.

Table II: Dietary modulators of bone health
Constituent Hypothesis

Animal Protein Acid precursors; chronic acid stress
(and others, e.g. grain  mobilizes bone and calcium actsas a
products) buffer

Milk High Caintake is associated with
high BMD

Sodium Calciuria; increases bone resorption

Caffeine Calciuria; increases bone resorption

Fruits and Vegetables  Alkaline-producing foods; source of
buffer in the diet; reduces urinary
calcium loss

a) Protein

Most epidemiological studies indicate that there is an
inverse relationship between dietary protein and bone
health, as evidenced by the positive association between
hip fracture incidence and protein intake; protein stimu-
latesurinary calciumexcretion, themeanincreaseinadults
being estimated as 60 mg/day for each 50 g increment
in protein intake [30]. An immediate reduction in renal
calcium reabsorption has been reported, which may be a
response to acid and sulfate generated from sulfur amino
acid metabolism. However, the negative effect of protein
is probably only significant under conditions of low cal-
cium intake and depends on other constituents [31]. For
example, potassium [32] and phosphorus [33] both blunt
the hypercalciuric response. This may partly explain the
positive effect of fruits and vegetables on bone health. Al-
though the efficiency of absorption of calcium does not
increase to offset the losses with high protein intakes, a

calcium-to-protein ratio > 20:1 probably provides ade-
guate protection to the skeleton [33].

b) Sodium

The controversy surrounding high dietary salt intakes and
the effect on bone health is due to alack of data on long-
term effects on bone metabolism. Thereis general agree-
ment that short-term high salt intake resultsin calciuriaat
low and high calcium intakes in men and women of all
ages [34-37]. However, the observation that the calciuric
effect might be limited to salt-sensitive individuals [38]
warrants further investigation. Recent data published on
the effects of salt on bone biomarkers [37, 38] and BMD
[39-41] areinconsistent and may berelated to differences
in study design. Hence, the salt debate in relation to os-
teoporosis remains controversial.

c¢) Caffeine

A calciuric effect lasting for several hours has also been
demonstrated for caffeine[42], however this has not been
tested over several daystoallow for adaptation. Theanaly-
sis of data from alarge balance study [43] suggests that
an inverse association exists between caffeine intake and
calcium absorption efficiency at low and high calcium
intake. Although most studies investigating the effects of
habitual caffeine intake and fracture risk agree that there
isapositiveassociation between thetwo, thefindingsfrom
bone mineral density studies are less consistent possibly
because of differencesin study design and study popula-
tions[44].

Calcium supplementation

The biocavailability of acalcium salt isnot proportional to
its solubility [45] and calcium-citrate-malate has been
shown to be superior in bioavailability to other calcium
salts [46]. However, given with a meal, calcium carbon-
ate and other calcium salts are as well absorbed as milk
calcium [47]. Twice daily administration will enhance ef-
ficiency of absorption [48] and calcium supplementation
at night suppresses the nocturnal increasein bone resorp-
tion markers and reverses the nocturnal increase in para-
thyroid hormone (PTH) [49]. The effectiveness of various
calcium supplementsin decreasing bone loss and fracture
incidence has been demonstrated in longitudinal studies
in postmenopausal women [50, 51].

Conclusions

The relationship between calcium and bone health isvery
complex, as reflected in the extensive and often conflict-
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ing reportsin the literature. However, there is convincing
evidencethat cal cium supply affectsboth the devel opment
and rate of boneloss. Higher calcium intakesleading to a
morepositivecal ciumbalancewill increaseBMD. Dietary
data and indirect measures of bone health indicate that
bioavailability isimportant when habitual intakesarelow,
especially during periods of bone growth and loss. Fur-
ther research quantifying the effects of the major dietary
modulators of calcium homeostasis on bone health and
their dependence on genetic and physiological variables
isrequired.

References

10.

11.

. Prentice, A. (2001) The relative contribution of diet and

genotype to bone development. Proc. Nutr. Soc. 60, 45-52.

. Standing Committee on the Scientific Evaluation of Dietary

Reference Intakes. (1997) Food and Nutrition Board, Insti-
tute of Medicine. Dietary Reference | ntakes. National Acad-
emy Press, Washington DC.

. Wishart, J.M., Horowitz, M., Meed, A.G., Scopacasa, F.,

Morris, A.J., Clifton, PM. and Nordin, B.E.C. (1997) Re-
| ationsbetween calciumintake, calcitriol, polymorphismsof
the vitamin D receptor gene, and cal cium absorption in pre-
menopausal women. Am. J. Clin. Nutr. 65, 798-802.

. Wood, R.J. and Fleet, J.C. (1998) The genetics of osteo-

porosis: vitamin D receptor polymorphisms. Ann. Rev.
Nutr. 18, 233-258.

. Gueguen, R., Jouanny, P, Guillemin, F, Kuntz, C., Pourel,

J. and Siest, G. (1995) Segregation analysis and variance
componentsanalysisof bone mineral density in healthy fam-
ilies. J. Bone Miner Res. 10, 2017-2022.

. Krall, E.A., Parry, P, Lichter, J.B. and Dawson-Hughes, B.

(2995) Vitamin D receptor alleles and rates of boneloss: in-
fluenceof yearssincemenopauseand calciumintake. J. Bone
Minera Res. 10, 978-984.

. Feskanich, D., Willett, W.C., Stampfer, M.J. and Colditz,

G.A. (1997) Milk, dietary calcium, and bone fractures in
women: a 12-year prospective study. Am. J. Public Health
87, 992-997.

. Heaney, R.P, Recker, R.R., Stegman, M.R. and Moy, A.J.

(1989) Calcium absorption in women: relationships to cal-
cium intake, estrogen status, and age. J. Bone Miner. Res. 4,
469-475.

. O'Brien, K.O., Abrams, S.A., Liang, L.K., Ellis, K.J. and

Gagel, R.F. (1996) Increased efficiency of calcium absorp-
tion during short periods of inadequate calcium intake in
girls. Am. J. Clin. Nutr. 63, 579-583.

Yergey, A.L., Vieira, N.E. and Cavell, D.G. (1987) Direct
measurement of dietary fractional absorption using calcium
isotopic tracers. Biomed. Env. Mass. Spec. 14, 603-607.
Garnero, P. and Delmas, P.D. (1998) Biochemical markers
of bone turnover. Osteoporosis 27, 303—323.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

Kleerekoper, M., Siris, E.S. and McClung, M. (1999) The
boneand mineral manual. A practical guide. AcademicPress,
London.

Hannon, R. and Eastell, R. (2000) Preanalytical variability
of biochemical markers of bone turnover. Osteoporosis Int.
Suppl. 6, S30-44.

Lewis, L.L., Shaver, J.F., Woods, N.F., Lentz, M.J., Cain,
K.C., Hertig, V. and Heidergott, S. (2000) Bone resorption
levels by age and menopausa status in 5157 women.
Menopause 7, 42-52.

Freeman, S.PH.T.,King,J.C.,Vieira, N.E.,Woodhouse, L .R.
and Yergey, A.L. (1997) Human cacium metabolism in-
cluding bone resorption measure with 41Ca tracer. Nuclear
Instrumentsand M ethodsin Physics Research 123, 266-270.
Freeman, SPH.T., Beck, B., Bierman, J.M., Caffee, M.W.,
Heaney, R.P, Holloway, L., Marcus, R., Southon, J.R. and
Vogel, J. S. (2000) Thestudy of skeletal cal cium metabolism
with 4Ca and 45Ca. Nuclear Instruments and Methods in
Physics Research 172, 930-933.

Wosje, K.S. and Specker, B.L. (2000) Role of calcium in
bone health during childhood. Nutr. Rev. 58, 253-268.
Magarey, A.M., Boulton, T.J., Chatterton, B.E., Schultz, C.
and Nordin, B.E. (1999) Familial and environmental influ-
ences on bone growth from 11-17 years. Acta Paediatr.
88,1204-1210.

Bronner, F. and Abrams, S. A. (1998) Devel opment and reg-
ulation of calcium metabolism in healthy girls. J. Nutr. 128,
1474-1480.

Kardinaal, A.F., Ando, S., Charles, P, Charzewska, J., Roti-
ly, M., Vaananen, K., van Erp-Baart, A.M.J., Heikkinen, J.,
Thomsen, J., Maggiolini, M., Veloraine, A., Chabros, E., Ju-
vin, R. and Schaafsma, G. (1999) Dietary calcium and bone
density in adolescent girls and young women in Europe. J.
Bone Miner. Res. 14, 583-592.

Ensrud, K.E., Duong, T., Cauley, JA., Heaney, R.P, Wolf,
R.L., Harris, E. and Cummings, S.R. (2000) Low fraction-
al calcium absorption increases the risk for hip fracturesin
women with low calcium intake. Ann. Intern. Med. 132,
345-353.

Zamora, S.A., Rizzali, R., Belli, D.C., Slosman, D.O. and
Bonjour, J.P. (1999) Vitamin D supplementation during in-
fancy isassociated with higher bone mineral massin prepu-
bertal girls. J. Clin. Endocrinol. Metab. 84, 4541-4544.
Bonjour, J.P, Carrie,A. L., Ferrari, S, Clavien, H., Slosman,
D., Theinttz, G. and Rizzoli, R. (1997) Calcium-enriched
foods and bone mass growth in prepubertal girls: a ran-
domised, double-blind, placebo-controlled trial. J. Clin. In-
vest. 99, 1287-1294.

Stear, S.J., Prentice, A., Jones, S.C. and Cole, T.J. (2000)
Bone mineral status of female adolescents 14 months after
the cessation of a calcium and exercise intervention. Osteo-
porosis Int. 11 (Suppl 2), S84.

Dodiuk, R., Rozen, G.S., Rennert, G., Rennert, H. S. and | sh-
Shalom, S. (2001) Sustained effect of short-term Ca sup-
plementation on bone mass in adolescents. Proc. 4th Int.
Sym. on Nutritional Effects of Osteoporosis, May 17—20.
Lausanne, Switzerland. In: Nutritional Aspects of Osteo-

Int. J. Vitam. Nutr. Res., 72 (1), 2002, © Hogrefe & Huber Publishers



18

26.

27.

28.

29.

30.

31

32.

33.

35.

36.

37.

38.

S. J. Fairweather et al: Calcium bioavailability and bone health

porosis (Burckhardt, P., Dawson-Hughes, B., Heaney, R.P,
eds.). A Serono Symposia S.A. Publication. Springer-Ver-
lag, New York (in press).

Valimaki, M. J., Karkkainen, M., Lamberg-Allardt, C., Lai-
tinen, K., Alhava, E., Heikkinen, J., Impivaara, O., Makela,
P, Palmgren, J., Seppanen, R., Vuori, |. and the Cardiovas-
cular Risk in Young Finns Study Group. (1994) Exercise,
smoking and calcium intake during adolescence and early
adulthood as determinants of peak bone mass. BMJ 309,
230-231.

Welten, D.C., Kemper, H.C.G., Post, G.B., van Mechelen,
W., Twisk, J,, Lips, P. and Teule, G.J. (1994) Weight-bear-
ing activity during youth isamore important factor for peak
bone mass than calcium intake. J. Bone Miner. Res.
9,1089-1096.

Chumlea, W.C. and Guo, S.S. (1997) Milk consumption in
childhood and bone mineral density in adulthood: the FEL S
longitudinal study. CERIN Symposium Nutrition & Per-
sonnes Agées aux apports recommandés. CNIT, Paris,
France, 125-133.

Dawson-Hughes, B., Harris, S.S,, Krall, E.A. and Dalld,
G.E. (2000) Effect of withdrawal of calcium and vitamin D
supplements on bone mass in elderly men and women. Am.
J. Clin. Nutr. 72, 745-750.

Kerstetter, J.E. and Allen, L.H. (1994) Protein intake and
calcium homeostasis. In: Advances in Nutritional Research
9, Nutrition and Osteoporosis (Draper, H.H., ed.); Plenum
Press, New York, 167-181.

Heaney, R.P. (2001) Protein intake and bone hedlth: thein-
fluence of belief systems on the conduct of nutritional sci-
ence. Am. J. Clin. Nutr. 73, 5-6.

Frassetto, L.A., Todd, K.M., Morris, R.C. and Sebastian, A.
(1998) Estimation of net endogenous noncarbonic acid pro-
ductionin humansfrom diet potassium and protein contents.
Am. J. Clin. Nutr. 68, 576-583.

Heaney, R.P. (2000) Dietary protein and phosphorus do not
affect calcium absorption. Am. J. Clin. Nutr. 72, 758-761.

. Breslau,N.A.,McGuire, J.L., Zerwekh, J.E.and Pak, C.Y.C.

(1982) Therole of dietary sodium on renal excretionand in-
testinal absorption of calcium and on vitamin D metabolism.
J. Clin. Endocrinol. Metab. 55, 369-373.

McParland, B.E., Goulding, A. and Campbell, A.J. (1989)
Dietary salt affects biochemical markers of resorption and
formation of bone in elderly women. BMJ 299, 834-835.
Castenmiller, J.M.J., Mensink, R.P, van der Heijden, L.,
Kouwenhoven, T., Hautvast, J.G.A. J., de Leeuw, PW. and
Schaafsma, G. (1985) The effect of dietary sodium on uri-
nary calcium and potassium excretion in normotensive men
with different calcium intakes. Am. J. Clin. Nutr. 41, 52—60.
Evans, C.E.L., Chughati, A.Y., Blumsohn, A.G., Giles, M.
and Eastell, R. (1997) The effect of dietary sodium on cal-
cium metabolism in premenopausal and postmenopausal
women. Eur. J. Clin. Nutr. 51, 394-399.

Ginty, F., Flynn, A. and Cashman, K.D. (1998) The effect of
dietary sodium intake on biochemical markers of bone me-
tabolism in young women. Br. J. Nutr. 79, 343-350.

39.

40.

41.

42.

45.

46.

47.

49.

50.

51.

Greendale, G.A., Barrett-Connor, E., Edelstein, S., Ingles,
S. and Haile, R. (1994) Dietary sodium and bone mineral
density: results of a 16-year follow-up study. J. Am. Geriatr.
Soc. 42, 1050-1055.

Deving A., Criddle, R.A., Dick, |.M., Kerr, D.A. and Prince,
R.L. (1995) A longitudinal study of the effect of sodium and
calcium intakes on regional bone density in postmenopausal
women. Am. J. Clin. Nutr. 62, 740-745.

Dawson-Hughes, B., Fowler, S.E., Dalsky, G. and Gallagher,
C. (1996) Sodium excretion influences calcium homeosta-
sisin elderly men and women. J. Nutr. 126, 2107-2112.
Kynast-Gales, SA. and Massey, L.K. (1994) Effect of caf-
feine on circadian excretion of urinary calcium and magne-
sium. J. Am. Coll. Nutr. 13, 467-472.

. Barger-Lux, M. J. and Heaney, R. P. (1995) Caffeine and the

calcium economy revisited. Osteoporosis Int. 5, 97-102.

. Harris, S.S. (1998) Effects of caffeine consumption on hip

fracture. In: Nutritional Aspects of Osteoporosis (Burck-
hardt, P, Dawson-Hughes, B. and Heaney, R.P, eds). A
Serono Symposia S.A. Springer Publication, 163-171.
Heaney, R.P, Recker, R.R. and Weaver, C.M. (1990) Ab-
sorbability of calcium sources: the limited role of solubili-
ty. Calcif. Tissue Int. 46, 300-304.

Miller, J.Z., Smith, D.L., Flora, L., Slemenda, C., Jiang, X.
and Johnston, C.C. (1988) Calcium absorption from calci-
um carbonate and a new form of calcium (CCM) in healthy
maleandfemal eadolescents. Am. J. Clin. Nutr. 48, 1291-1294.
Recker, R.R., Bammi, A., Barger-Lux, M.J. and Heaney,
R.P. (1988) Calcium absorbability from milk protein, an imi-
tationmilk and calciumcarbonate. Am. J. Clin. Nutr. 47,93-95.

. Harvey, J.A., Zoblitz, M.M. and Pak, C.Y.C. (1988) Dose

dependency of calcium absorption: a comparison of calcium
carbonateand calciumcitrate. J. BoneMineral Res. 3,253-258.
Blumsohn, A., Herrington, K., Hannon, R.A.., Shao, P, Eyre,
D.R. and Eastell, R. (1994) The effect of calcium supple-
mentation onthecircadianrhythmof boneresorption. J. Clin.
Endocrinol. Metab. 79, 730-735.

Aloig, J.F.,,Vaswani,A.,Yeh, J.K.,Ross, P.L., Flaster, E. and
Dilmanian, A. (1994) Calcium supplementation with and
without hormone replacement therapy to prevent post-
menopausal bone loss. Ann. Int. Med. 120, 97-103.

Reid, I.R., Ames, R.W.,, Evans, M.C., Gamble, G.D. and
Sharpe, S.J. (1995) Long-term effects of calcium supple-
mentation on bone loss and fractures in postmenopausal
women: a randomized controlled trial. Am. J. Med. 98,
331-335.

Susan J. Fairweather-Tait

Institute of Food Research

Norwich Research Park

Colney, Norwich, Norfolf

NR4 7UA, UK

E-mail: sue-fairweather-tait@bbsrc.ac.uk

Int. J. Vitam. Nutr. Res., 72 (1), 2002, © Hogrefe & Huber Publishers



