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Optimal nutrition: calcium, magnesium and phosphorus

Kevin D. Cashman* and Albert Flynn
Department of Nutrition, University College, Cork, Republic of Ireland

In the past, a major challenge for nutrition research was in defining indicators of nutritional
adequacy. More recently, the research base related to the role of nutrition in chronic disease has
expanded sufficiently to permit moving beyond deficiency indicators to other indicators with
broader functional significance. Thus, nutrition research is faced with the new challenge of
defining ‘optimal nutrition’. One definition of optimal nutrition with respect to any particular
nutrient could be when a functional marker reaches an ‘optimal value’ or plateau beyond which it

is no longer affected by intake or stores of the nutrient. A functional marker of nutrient status could
be defined as a physiological or biochemical factor which (1) is related to function or effect of the
nutrient in target tissue(s) and (2) is affected by dietary intake or stores of the nutrient (which may
include markers of disease risk). Examples of such indicators or markers are those related to risk
of chronic diseases such as osteoporosis, CHD, or hypertension. The present review focuses on
the concept of optimal nutrition with respect to three nutrients, Ca, Mg and P. However, for P and
Mg there are as yet no functional indicators which respond to dietary intake, and in such cases
nutrient requirements are established using more traditional approaches, e.g. balance data. For Ca,
there has been interest in using maximal Ca retention, which is based on balance data, bone mass
measurements and biomarkers of bone turnover as useful functional indicators of the adequacy of
Ca intake.

Calcium: Magnesium: Phosphorus: Functional markers

In the not so distant past, a major challenge for nutrition nutrient in target tissue(s) and (2) is affected by dietary
research was in defining indicators of nutritional adequacy. intake or stores of the nutrient (which may include markers
This research was usually limited to classical deficiency of disease risk). Examples of such indicators or markers
states. For example, the dietary allowance for vitamin C hasare those related to risk of chronic diseases such as osteo-
traditionally been set at a level that will prevent scorbutic porosis, CHD, or hypertension.
symptoms for several weeks on a diet lacking vitamin C  However, for many nutrients there are as yet no func-
(National Research Council, 1989 tional indicators which respond to dietary intake, and in
More recently, the research base related to the role ofsuch cases nutrient requirements are established using more
diet and nutrition in chronic disease has expanded suffi-traditional approaches, e.g. balance data.
ciently to permit moving beyond deficiency indicators to  The present review focuses on the concept of optimal
other indicators with broader functional significance. Thus, nutrition with respect to three nutrients, Ca, Mg and P.
nutrition research is faced with the new challenge of defin- While each of these nutrients has very diverse functional
ing ‘optimal nutrition’ with respect to the various essential and/or structural roles in the body, all three nutrients play a
nutrients. key role in the development and maintenance of bone and
One definition of optimal nutrition with respect to any other calcified tissues. Indeed, 99 % of the body Ca
particular nutrient could be when a functional marker or (National Research Council, 1989 85 % of the body P
indicator reaches an ‘optimal value' or plateau beyond (National Research Council, 1999 and 50-60 % of the
which it is no longer affected by intake or stores of the nutri- body Mg (Elin, 1987) are found in bone and other calcified
ent. In this respect, a functional marker of nutrient statustissues. However, other biological roles for these nutrients
could be defined as a physiological and/or biochemical and their possible relevance to human health and to decreas-
factor which (1) is related to function or effect of the ing risk of disease will also be considered.

Abbreviations: BMC, bone mineral content; BMD, bone mineral density; Dpyr, deoxypyridinoline; 1,25(9H@¥5-dihydroxycholecalciferol; Pi, inorganic
phosphate; PTH, parathyroid hormone; Pyr, pyridinoline.
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Phosphorus their own right, as well as aggravate phosphate deficiency
related to other problems (Logt al 1968).

Until recently, dietary P recommendations have been
tied to Ca, usually on an equimass or equimolar basis (see
Table 1), and this approach was used in the USA, EU
and UK in establishing recommended dietary allowances,
| population reference intakes, and reference nutrient intakes

respectively for P (National Research Council, ¥89
Department of Health, 1991, Scientific Committee for Food,
1993).

However, the US Food and Nutrition Board recently
suggested that a Ca: P concept of defining P requirements is
f severely limited value, in that there is little merit to
aving the ratio ‘correct’ if the absolute quantities of both
nutrients are insufficient to support optimal growth. Further-
more, the intake ratio, by itself, fails to take into account
both differing bioavailabilities and physiological adaptive
responses of Ca and P (Institute of Medicine, 1997).

Although P balance might seem to be a logical indicator

f nutritional adequacy, it is not an adequate criterion,

ince an adult can be in zero balance at an intake inadequate
to maintain serum Pi within the normal range (Institute
of Medicine, 1997). Even during growth balance will be
positive in direct proportion to soft tissue and bony accumu-
lation, but as long as plasma Pi is high enough the degree of
positive balance will be limited either by the genetic
rogramming or by availability of other nutrients (Institute
f Medicine, 1997). During senescence, if there is loss of

P makes up about 6-5-11 g/kg body weight in adults (Aloia
et al. 1984). In the adult body 85 % of the P is in bone, with
the remaining 15 % distributed within the soft tissues
(Diem, 1970). Total P concentration in whole blood is
13 mmol/l, most of which is in the phospholipids of erythro-
cytes and plasma lipoproteins, with approximately 1 mmol/
present as inorganic phosphate (Pi). This Pi component
while constituting only a minute percentage of body P
(<0-1%), is of critical importance. In adults this component
makes up about 15 mmol in total and is located mainly in the
blood and extracellular fluid. It is into this Pi compartment
that phosphate is inserted on absorption from the diet ancﬁ
resorption from bone, and from this compartment that most
urinary P and hydroxyapatite mineral P are derived. This
compartment is also the primary source from which the
cells of all tissues derive both structural and high-energy
phosphate (Institute of Medicine, 1997).

Structurally, P occurs as hydroxyapatite in calcified
tissues and as phospholipids, which are a major componen
of most biological membranes, and as nucleotides
and nucleic acids. Other functional roles of P include: (1)
the buffering of acid or alkali excesses, hence helping to
maintain normal pH; (2) the temporary storage and transfer
of the energy derived from metabolic fuels; (3) by phospho-
rylation, the activation of many catalytic proteins. Since
phosphate is not irreversibly consumed in these processeg

and can be recycled indefinitely, the actual function of bone or soft tissue mass, P balance will be negative. How-

dietary P is first to support tissue growth (either during . ; e e

individual development or through preanancy and SVE @S long as plasma Pi remains within normal limits,
P gh preg Y these balances will reflect other changes occurring in the

lactation), and second to replace excretory and dermal : S .
' o P, ody and will not be an indicator of the adequacy of dietary
losses. In both processes it is necessary to maintain a norm (Institute of Medicine, 1997).

level of Pi in the extracellular fluid, which would otherwise . X : .
be depleted of its P by growth and excretion (Institute of Shlnc;]e P mtalée r(ljlrecﬂ);] affehcts serum dPI’ ?nd bec:lau§e
Medicine, 1997). otf ypo- and_ yperph ospsa;t:aergla dlrﬁcty .resgt w(;I
Inadequate P intake is expressed as hypophosphataemi%gﬁslfgg:gg tohrat Iff(?élsrerz{otstelctJ icaloi?ldiigtor g;ngﬂtnritioonézrl
Only limited quantities of phosphate are stored within cells, adequacy of P intake is serl?m Pi (Institute of Medicine
and most tissues depend on extracellular fluid Pi for their o - '
X o 1997). If serum Pi is above the lower limits of normal for
metabolic phosphate. When extracellular fluid Pi levels are age, P intake may be considered adequate to meet cellular

low, cellular dysfunction follows. At a vv_hole OrganiSm 5 nd bone formation needs of healthy individuals. However,
level, the effects of hypophosphataemia include anorexia, he relationship between Pi and P intake has been clearl
anaemia, muscle weakness, bone pain, rickets and osteomé— . P : y
lacia, general debility, increased susceptibility to infection established (_)nly for adults, and Wh"e. the advers_e _effects of
! ' ' low serum Pi are well understood during growth, it is harder

Egg%§s$ﬁ g’ I:&;ﬁéﬁﬁnﬂ%ﬁg?éﬁﬁg r?ivcir(]atgeiﬁtghﬁr(-j?:n or to define the critical values for P intake associated with the
’ ormal range of serum Pi values in infants and children.

osteomalacia in adults. In both groups the disorder consist hus, estimates of P requirements were based on a factorial

82?‘:;?2;:5;%“'Qggrhiveiuioirmg?rr%ﬂtgf %Iﬁ;enggg:ggte a?lrd approach in infants, children and adolescents and on serum
» 109 P Pi in adults (Institute of Medicine, 1997).

osteoblast function (Lotet al 1998). These severe manties- *~ although it is not likely that all levels of serum P within
Y the normal range are equally beneficial for cell functioning,

S0 Ubiquitous in various foods that near total starvation s MUffcient information exists to allow selection of any one
equired 1o procuce dietary P defency. Re.feeding of 14U I 1S PORUSLEN nerl renge o2 uperor oy
energy-deple_ted individuals, §UCh _as thos_e recovering,ssociated with maintenance of serum Pi at the lower end of
from alcoholic bouts or from diabetic ketoacidosis, either the normal range. It was acknowledged that a limitation of
orally or parenterally without attention to supplying Pi can _, . A 4 .
- ._this approach lies in the fact that available data on serum Pi
precipitate  extreme, even fatal, hypophosphataemlaapply mostly to the fasting state, whereas it is the integrated

(Knochel, 1977; Bushe, 1986; Dalet al 1986). Al- : :
containing antacids, by binding P in the gut, can, when 24h serum Pi that is most closely related to absorbed P

S . .intake and that constitutes the actual exposure that the
consumed in-high doses, produce hypophosphataemia Missues experience (Institute of Medicine, 1997). Moreover,
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Table 1. Recommended phosphorus intakes in the USA and UK*

US RDA(1989) UK RNI (1991)% US RDA (1997)8

Age-group (years) (mg/d) Age-group (years) (mg/d) Age-group (years) (mg/d)
0-0-5 300 0-1 400 0-0-5 100 ||
0-5-1 500 1-3 270 0-5-1 275
1-3 800 4-6 350 1-3 460
4-6 800 7-10 450 4-8 500
7-10 800 11-14 M 775 9-13 1250
11-14 M 1200 15-18 M 775 14-18 1250
15-18 M 1200 11-14 F 625 19-30 700
19-24 M 1200 15-18 F 625 31-50 700
25-50 M 800 19-50 550 51-70 700
>51 800 >50 550 >70 700
11-14 F 1200 Pregnanc NI Pregnancy
15-18 F 1200 Lactation +44 <18 1250
19-24 F 1200 19-50 700
25-50 F 800 Lactation
>51 800 <18 1250
Pregnancy 1200 19-50 700
Lactation

0-0-5 1200

0-5-1 1200

RDA, recommended dietary allowance; RNI, reference nutrient intake; M, requirements for males; F, requirements for females; NI, no increment.
* Estimates of P requirements refer to males and females unless stated otherwise.

T RDA based on Ca:P approach (National Research Council, 1989a).

1 RNI based on Ca:P approach (Department of Health, 1991).

8 RDA based principally on factorial approach and on serum inorganic phosphate levels (Institute of Medicine, 1997).

|| Adequate intake based principally on human milk content (0-0-5 years) or human milk plus solids (0-5-1-0 years).

fasting serum Pi is only weakly correlated with current P detected. Hypocalcaemia is a prominent manifestation of
intake (Portalest al 1987). moderate to severe Mg deficiency in human subjects (Rude
et al 1976). Mg is also important in vitamin D metabolism
and/or action. For example, vitamin D resistance has been
reported in Mg-depleted human subjects (Medalle &
Total body Mg content in the normal adult is approximately Waterhouse, 1973). Neuromuscular hyperexcitability is the
259 (1000 m mol), of which 50—6 0% resides in bone. One-initial problem observed in individuals who have or are
third of skeletal Mg is exchangeable, and it is this fraction developing Mg deficiency (Rude & Singer, 1980).
that may serve as a reservoir for maintaining normal extra- There is emerging evidence that habitually low intakes of
cellular Mg concentration (Elin, 1987). Extracellular Mg Mg and resulting abnormal Mg metabolism are associated
accounts for about 1 % of the total body Mg. with aetiological factors in various metabolic diseases,
The physiological role of Mg is principally related to including cardiovascular disease, hypertension, disorders of
enzyme activity, with over 300 enzyme systems dependentskeletal growth and osteoporosis, neuromuscular disorders
on the presence of this cation (Wacker & Parisi, 2468). and diabetes mellitus (Rude, 1998). However, the data
All enzyme systems utilizing ATP require Mg for sub- currently available are insufficient to permit an estimate of
strate formation. Intracellular free Mg also acts as an optimal intake of Mg for health (Institute of Medicine,
allosteric activator of enzyme action, including critical 1997).
enzyme systems such as adenylate cyclas:4.6.1.1), Several potential indicators for estimating daily Mg
phospholipase CHC 3.1.4.3), and N#K*-transporting requirement have been suggested (Rude, 1998). While Mg
ATPase EC 3.6.1.37; Rude, 1998). Transport of other ions is an abundant cation in the body, over 90 % is located either
such as K and Ca across the plasma membrane may alsmtracellularly or in the skeleton (Elin, 1987). Serum Mg
require the presence of Mg (Rude, 1998). Mg has beenconcentration is the most commonly used test to assess Mg
termed ‘nature's physiological Ca channel blocker’ (Iseri & status, but total serum Mg concentration appears to be held
French, 1984; White & Hartzell, 1989). During Mg within a tight range (17-22mg/l) (Lowenstein & Stanton,
depletion intracellular K decreases while Ca and Na increasel986). A serum concentration of less than 17mg/l usually
(Iseri & French, 1984; Whargt al 1985; White & Hartzell, indicates some degree of Mg depletion (Wetal 1983;
1989; Dorup & Clausen, 1993). Mg is critical for a number Quamme, 1993). However, the measurement of serum Mg
of cellular functions, including oxidative phosphorylation, concentration may not reflect the true total body Mg
glycolysis, DNA transcription and protein synthesis (Rude, content, and low intracellular Mg has been documented in
1998). patients with serum levels above 1 7mg/l (Rgamal 1981;
Severe Mg depletion leads to specific biochemical Ryzenet al 1985, 1986; Rudet al 1991; Nadleret al
abnormalities and clinical manifestations that can easily be 1992; Rude & Olerich, 1996). Intracellular Mg levels in

Magnesium
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muscle, erythrocytes and lymphocytes, and bone Mg appeaHealth, 1991; Scientific Committee for Food, 1993; Institute
to provide a more accurate assessment of body Mg statuspf Medicine, 1997; See Table 2). There are still significant
but such measurements are not readily available for clinicalerrors associated with the use of balance data for Mg. The
use (Dyckner & Wester, 1978; Ryat al 1981; Ryzen US Food and Nutrition Board set out minimum criteria
et al 1985, 1986; Rudet al 1991). Recently, ion-specific  which needed to be fulfiled for balance studies to be
electrodes have become available for determining ionizedincluded for the development of the new recommended
Mg in plasma. Early results suggest that this measurementietary allowances (Institute of Medicine, 1997). These
may be a better index of Mg status than total serum Mgcriteria included either an adaptation period of at least 12 d
concentration, but further evaluation is necessary (Rude,or a determination of balance while subjects consumed self-
1998). The Mg load, or tolerance, test has been used forselected diets.
many years as a method of assessing Mg status, but it has
been reserved usually for subjects who are deemed to be at
risk of Mg deficiency but have normal serum levels of Mg
(Rude, 1998). This test relies on evaluating the amount ofCa, which accounts for 10—-20 g/kg body weight in adults,
Mg excreted in urine following an intravenous infusion of is a major component of mineralized tissues, with over 99 %
Mg. However, the Mg load test requires normal renal of the total body Ca found in these tissues. Ca is required
handling of Mg. Age may also be a confounding variable, for normal growth and development of the skeleton
since older subjects have been reported to retain more MgNational Research Council, 1989 The remainder is
than younger subjects despite comparable dietary Mg intakegoresent in blood, extracellular fluid, muscle and other
(Gullestadet al 1994). tissues, where it plays a role in mediating vascular contrac-
Thus, it is not surprising that the principal method of tion and vasodilation, muscle contraction, nerve trans-
estimating dietary Mg requirements in the past has been thenission and glandular secretion (Institute of Medicine,
dietary balance study (Hunt & Schofield, 1969; Greger & 1997).
Baier, 1983; Mahalket al. 1983; Schwartet al. 1984). The The concentration of Ca in blood is tightly regulated
US, EU and UK authorities have used Mg balance data in(2-3-2-75 mmol/l; British Nutrition Foundation, 1989). The
establishing recommended dietary allowances, populationregulation of plasma Ca concentration is achieved through a
reference intakes, and reference nutrient intakes respectivelgomplex physiological system comprising the interaction of
for Mg (National Research Council, 138PDepartment of the calcitropic hormones, such as parathyroid hormone

Calcium

Table 2. Recommended magnesium intakes in the USA and UK*

US RDA (1989)1 UK RNI (1991)% US RDA (1997)§
Age-group (years) (mg/d) Age-group (years) (mg/d) Age-group (years) (mg/d)
0-0-5 40 0-1 55-80 || 0-0-5 3079
0-5-1 60 1-3 85 0-5-1 759
1-3 80 4-6 120 1-3 80
4-6 120 7-10 200 4-8 130
7-10 170 11-14 280 9-13 240
11-14 M 270 15-18 300 14-18 M 410
15-18 M 400 19-50 M 300 19-30 M 400
19-24 M 350 >50 M 300 31-50 M 420
25-50 M 350 19-50 F 270 51-70 M 420
>51 M 350 >50 F 270 >70 M 420
11-14 F 280 Pregnancy NI 14-18 F 360
15-18 F 300 Lactation +50 19-30 F 310
19-24 F 280 31-50F 320
25-50 F 280 51-70 F 320
>51F 280 >70F 320
Pregnancy 300 Pregnancy
Lactation <18 400
0-0-5 355 19-30 350
0-5-1 340 31-50 360
Lactation
<18 360
19-30 310
31-50 320

RDA, recommended dietary allowance; RNI, reference nutrient intake; M, requirements for males; F, requirements for females; NI, no increment.
* Estimates of Mg requirements refer to males and females unless stated otherwise.

T RDA based on factorial approach (National Research Council, 1989a).

T RNI based on factorial approach (Department of Health, 1991).

§ RDA based principally on balance data (Institute of Medicine, 1997).

|| 55 mg Mg/d for 0-3 months, 60 mg Mg/d for 4-6 months, 75 mg Mg/d for 7-9 months, 80 mg Mg/d for 10-12 months.

1 Adequate intake based principally on Mg content of human milk or human milk plus solids.
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(PTH), 1,25-hydroxycholecalciferol (1,25(04)s) and of the average physiological requirement for absorbed Ca
calcitonin, with specific target tissues (kidney, bone and derived from balance data is adjusted for incomplete utiliza-
intestine) which serve to increase or to decrease the entry dfion and variation both in requirements among individuals
Ca into the extracellular space. Only in extreme circum- and in the bioavailability of Ca among food sources. This
stances, such as severe malnutrition or hyperparathyroidismapproach is subject to considerable uncertainty, as is evident
is the serum ionized Ca concentration below or above thefrom the wide variation in estimates of daily Ca require-
normal range. The secretion of these hormones is governeanents made by different expert authorities. For example, the
wholly or in part by the plasma concentration of ionized Ca, US and UK authorities have established very different
thus forming a negative feedback system. PTH andrecommendations for Ca intake (National Research Council,
1,25(0OH}D; are secreted when plasma Ca is low, while cal- 198%; Department of Health, 1991; see Table 3). Much of
citonin is secreted when plasma Ca is high (British Nutrition this divergence arose due to different interpretations of
Foundation, 1989). available data, e.g. different absorption efficiencies and

Given the high proportion of body Ca and the importance estimates of obligatory losses of Ca were used by the two
of bone as the major reservoir for Ca, development andauthorities.
maintenance of bone is the major determinant of Ca needs. Given the importance of dietary Ca for bone health there
Ca requirements vary throughout an individual’s life, with is a clear need for better measures of Ca adequacy, and
greater needs during the periods of rapid growth in child- recent research suggests that improved assessment of Ca
hood and adolescence, during pregnancy and lactation, anddequacy may be made using a number of approaches.
in later life.

Chronic Ca deficiency resulting from inadequate intake
or poor intestinal absorption gives rise to a PTH-mediated
increase in bone resorption and is one of several importanRecently maximal Ca retention has been considered in the
causes of reduced bone mass and osteoporosis (NationaSA as a functional indicator of Ca requirement (Institute of
Research Council, 1989 National Institutes of Health, Medicine, 1997; Jackmaet al 1997). To maximize skeletal
1994; Institute of Medicine, 1997). Osteoporosis is charac- strength it is important to develop and maintain a Ca reserve
terized by a reduced bone mass (bone mineral densityin the skeleton. Genetics or heredity to a large extent deter-
(BMD) more than 2-80 below the mean for young adult mines the upper limits of both skeletal size and density
females), increased bone fragility, and increased risk of (Institute of Medicine, 1997), thus providing a maximum
fracture (World Health Organization, 1994). There has beensize for the Ca reserve. An adequate Ca intake is needed to
a large increase in the incidence of osteoporosis in manyachieve and preserve these upper limits. In contrast, an
countries in recent years (Riggs & Melton, 1995). inadequate Ca intake, among other factors, limits the devel-

The more traditional method of estimating daily Ca opment and preservation of the maximal reserve. It follows
requirements is by a factorial approach, in which an estimatethat Ca intake requirement for each age-group is the intake

Maximal calcium retention

Table 3. Recommended calcium intakes in the USA and UK*

US RDA (1989)t UK RNI (1991)F US Al (1997)8

Age-group (years) (mg/d) Age-group (years) (mg/d) Age-group (years) (mg/d)
0-0-5 400 0-1 525 0-0-5 210
0-5-1 600 1-3 350 0-5-1 270
1-3 800 4-6 450 1-3 500
4-6 800 7-10 550 4-8 800
7-10 800 11-14 M 1000 9-13 1300
11-14 M 1200 15-18 M 1000 14-18 1300
15-18 M 1200 11-14F 800 19-30 1000
19-24 M 1200 15-18 F 800 31-50 1000
25-50 M 800 19-50 700 51-70 1200
>51M 800 >50 700 >70 1200
11-14 F 1200 Pregnancy NI Pregnancy
15-18 F 1200 Lactation +550 <18 1300
19-24 F 1200 19-50 1000
25-50 F 800 Lactation
>51F 800 <18 1300
Pregnancy 1200 19-50 1000
Lactation

0-0-5 1200

0-5-1 1200

RDA, recommended dietary allowance; RNI, recommended nutrient intake; Al, adequate intake; M, requirements for males; F, requirements for females; NI, no
increment.

* Estimates of Ca requirements refer to males and females unless stated otherwise.

T RDA based on factorial approach (National Research Council, 1989a).

T RNI based on factorial approach (Department of Health, 1991).

§ Al based principally on maximal Ca retention (Institute of Medicine, 1997).
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needed to achieve maximal Ca retention in that age-grouphave been reviewed by Dawson-Hughes (1991), Institute of
Thus, maximal Ca retention is considered by some researchMedicine (1997) and Prentice (1997). For example, supple-
ers to be a good functional indicator because (1) its relation-mentation studies in post-menopausal women show that an
ship to maximal skeletal Ca and the associated decrease imcrease in Ca intake reduces bone loss at the hip (Dawson-
the component of fracture risk that can be affected by theHugheset al 1990; Nelsoret al 1991; Reidet al 1993;
diet, (2) there is a plateau intake, at least in children, who areChevalleyet al 1994; Princeet al. 1995), especially for
in positive Ca balance, above which additional Ca will cause subjects with low habitual Ca intake (Dawson-Hugéies!.
no further gains in retention, and by extension it is the low- 1990). However, increases in Ca intake have little effect on
est intake at which dietary Ca dependent bone accretion ispinal-bone mineral in older women (Nelsehal 1991;
maximized (Institute of Medicine, 1997). At intakes above Chevalleyet al. 1994; Princeet al 1995). There have also
this plateau intake more Ca is absorbed, but instead of beindgpeen a number of published studies of Ca supplementation
retained in the skeleton it is excreted in the urine. In the casen children and adolescents that have examined bone min-
of older adults, who typically are in negative Ca balance, eral status (Johnstat al 1992; Lloydet al 1993; Andon
their plateau intake, as for children, is that above which Caet al. 1994; Leeet al 1994, 1995; Nowsort al 1995;
retention cannot be further increased with dietary Ca.Dibba et al. 1998, 1999). The emerging picture is that
Although adults may continue to lose bone at the plateauparticularly in prepubertal children, an increased Ca intake
intake (for reasons such as oestrogen deficiency, smokings associated with higher bone mineral status of approxi-
and sedentary lifestyle etc.), this bone loss is not a consemately 1-5 %, depending on the skeletal site (for review, see
guence of inadequate Ca intake and cannot be prevente®rentice, 1997). Taken together, the findings of such studies
with dietary Ca (Institute of Medicine, 1997). demonstrate that BMD responds to Ca intake and, thus, may
Jackmaret al (1997) used Ca intake data from balance be a useful functional marker of Ca adequacy. A major
studies to develop a non-linear regression model to predictstrength of such longitudinal studies is that the increment in
the lowest value of intake at which mean maximal Ca Ca intake is known. In addition, due to relatively large
retention is attained. This approach was used by the USsample sizes and subject randomization, the influence of
Food and Nutrition Board which established recommend- confounding factors that might affect bone mass is greatly
ations for daily Ca intake for different population groups reduced. Limitations of such studies include: the need for
(Institute of Medicine, 1997). A major limitation of the relatively large sample sizes; expense; most of the studies
method is the limited balance data available for some popu-carried out to date have used only one or two dietary levels
lation groups. For example, it was not possible to estimateof Ca (Institute of Medicine, 1997).
requirements for males and females separately in certain An important consideration in the interpretation of
age-groups, and bone mineral mass data was used ttngitudinal Ca intervention studies is the phenomenon of
estimate the requirements for pregnant or lactating femaleghe ‘bone remodelling transient’, a term used to describe the
(Table 3). suppression of bone remodelling which is seen with Ca
supplementation and which results in a one-time initial gain
in bone mass over the first 3—12 months after increasing Ca
intake (Frost, 1973). It is thought to reflect completion of
Measures of bone mass may also be used as indicators of Gasteoblast activity after the inhibition of osteoclastic activity
adequacy. These measures include bone mineral contenby the increased Ca intake (Slemeredaal 1997). It is
(BMC; which is the amount of mineral at a particular transient to the extent that much if not all the gain in bone
skeletal site such as the femoral neck, lumbar spine or totaimass appears to be sustained only for the duration of Ca
body) and BMD (which is BMC divided by the area of the supplementation. This has been observed on follow-up of
scanned region). In addition to their relationship to bone some Ca supplementation trials in children, which showed
mass and strength, recent studies have indicated that BMDOhat differences in bone mass between subjects and controls
and BMC are strong predictors of fracture risk (Blatlal disappeared after supplementation ceased €ted 1996,
1992; Cumminggt al 1993; Meltoret al. 1993). In adults, 1997; Slemendat al. 1997), although not all studies show
a decrease ofsb in femoral neck and lumbar spine BMD is this (Bonjouret al 1997). However, this one-time gain in
associated with a 2-5-fold and 2-fold increase in risk of hip bone mass resulting from higher Ca intake may result in a
and vertebral fracture respectively (Cummiegal 1993). higher peak bone mass in young adults or in a decrease in
Cross-sectional studies that relate dietary Ca intake tobone loss in later life, if the higher Ca intake is maintained
BMD are of modest value in establishing the Ca require- (Institute of Medicine, 1997).
ment. Limitations of such studies include: inaccuracies in  Although the available data relating dietary Ca intake to
measuring Ca intake; Ca intake at one point in time may notBMD is still limited, the US Food and Nutrition Board used
reflect lifetime Ca intake; bone mass at a single time pointBMD and BMC data as additional evidence to support the
results from the lifelong influence of many confounding recommendations based on maximal Ca retention (Institute
variables that are not measured (Institute of Medicine, of Medicine, 1997). Notably, where data was sufficient, as
1997). In contrast, randomized placebo-controlled Ca inter-was the case for pregnancy and lactation, bone mass
vention studies that measure change in BMD provide measurements, (particularly BMD) were used to establish
valuable evidence for the intake requirement for Ca. Thethe estimates of Ca intake requirements (Institute of
findings of many of these controlled Ca intervention trials Medicine, 1997).

Bone mass

https://doi.org/10.1017/50029665199000622 Published online by Cambridge University Press


https://doi.org/10.1017/S0029665199000622

Optimal nutrition 483

Biochemical indicators bone resorption in the last decade (Eyre, 1996). Pyr and
Dpyr function as mature cross-links in collagen of most

While it has been suggested that there is as yet no bio- . . . . .
chemical indicator that reflects Ca nutritional status connective tissues other than skin. Since bone is such a

(Institute of Medicine, 1997), recent research suggests tha@ 2{2: rﬁ]s;lenrvr?:(r)gtf tr)rqg?olr Cc?(lnlr?rgggtil\?eﬂliesgggg aggrtgrr?j’ %vpeyrr

biochemical markers of bone turnover predict bone mass ; . . U Ny

changes and fracture risk, and respond to dietary Ca intake.fégz?'lt'%zs(énreurl'gge)ar.?higrérgr?é'lgsigﬁriglzﬂ fr(;)rrg d tl)aontie
Bone turnover is central to maintenance of the structural P yre, ’ Pp y

function of the skeleton. It is a cyclical process whereby the {ngltacr)frﬁgcr)] eng éENF;yé n|n3 lg;]r:je 4v)vh(|:cohm|s a?;ge\lll\%hs'r;ng;r rt]% n-
skeleton undergoes continual renewal by a phased sequean ' P

) . / Osseous connective tissue in which Dpyr is usually present
of bone resorption and bone formation, which are coupled,at less than 10 % of the content of Pyr (Eyre, 1992).

but sepgrated in time (Kanis, .1991): Osteoclasts, the Celk:‘l’heoretically, therefore, urinary Dpyr is more specific than
re_:spon5|ble f_or bone resorption, dissolve away a Sma”Pyr as a marker of bone resorption. These complex amino
discrete portion of the surface. The resulting resorption acids appear not to be metabolized after tissue collagen

?(?r\r/rl;[i);] Isc(;(lalfslll%jsttje):);r]a(astsaﬁgond g\fvr? sggggl?r']s;?ixth(% S?g(;; is degraded, and are excreted in urine where they can be
9 ' Y measured by HPLC using their natural fluorescence for

which gradually becomes mineralized to form new bone. detection (Eyreet al 1984). In addition, determination of

There is a strict chronological sequence of events, WIthfree cross-link content in urine has been facilitated by the

recruitment of osteoblasts occurring approximately 6—7 : : e
: : : ~  development of direct immunoassays which implement
weeks after resorption (Eriksenal. 1984), and with newly monoclonal antibody technology (Robiesal. 1994).

formed bone mineralizing rapidly in the initial stages but Recently, a number of other urinary assays have been

more slowly thereatter (Prentice, 1997). developed, based not on the cross-links themselves but on

The rate of bone formation and bone resorption, the . . . . . e
balance of which ultimately determines bone mpass maypeptldes derived from amino acid sequences in the vicinity
' of the cross-linking regions of collagen type | (Robins &

be assessed by measurement of biochemical marker X
(Eastellet al 1993). ?\Iew, 1997). These assays include those that use monoclonal

. . - antibodies recognizing peptides comprising part of either
Biochemical markers for monitoring bone turnover all <" 0o telopeptides, known generically as the
rely on the measurement in serum or urine of enzymes or rine-based NTx assay (Han L 1992) and the serum-
matrix proteins synthesized by osteoblasts or osteoclast%aSe d CTx assay (Risty ol al 1993)' respectively
that spill over into body fluids, or of osteoclast-generated . . o7
degradation products of the bone matrix itself. Serum Ievelsbosgii?rtllg\,/grhi?ns;;jtns rﬁ:‘%?lgzeg tr?;: ?Qc'tré?ﬁs?gé?&?;f
of skeletal alkaline phosphatase( 3.1.3.1) and osteo- . :

: L Riggs et al 1996), because it exacerbates bone loss
calcin are currently the most convincing markers of bone(

. : .~ (Hansenet al 1991). Conversely, a reduced rate of bone

formation, while the most useful markers of bone resorpt|on( ' ! L
are all products of collagen degradation that currently aremrer;](zvgfr &Zﬁ'%ﬁ; r;ﬁl;:; E;ﬁg&ﬁ;ﬁ?ﬁ@r%ﬁ?ﬂgﬁcﬁlop'

best measured in urine (Eyre, 1996). These newer markers1997) and slowing the rate of bone loss in later life (Riggs
have been reported to have improved specificity and résSpons; al 1996). High rates of bone turnover are also associated
siveness to bone cell activity over more traditional markers, ) :

such as urinary hydroxyproline and serum total alkaline with a disruption of the trabecular network, leading to a loss

phosphatase (Delmas, 1992: Eyre, 1992; Erikseral of connectivity which is not necessarily reflected in a

' S decrease of bone mass (Parfitt, 1984).
1995), which have a number of well-documented limitations S
(Robins, 1982: Delmas, 1992). The availability of these newer markers of bone turnover

Produced primarily by osteoblasts, most of the newly- has widened the scope for investigation of subtle changes in

synthesized osteocalcin is immediately bound to the bonebOne metabolism such as those brought about by dietary

; : . . . . influences. Although the available data are still limited, they
B"l(')noedrazlc’;mtgbg?g 2lp{3§%;t'?tnisbﬁ:ggssjgdeﬁdsgrﬁtgy'gtr(]) do indicate that these biochemical markers of Ca and bone

immunoassay, and appears to be a good marker of the rate etabolism are influenced by dietary Ca intake and, thus,

: X ight be of value in defining optimal Ca intakes. For exam-
bone formation (Eyre, 1996). Total alkaline phosphatase : : ) :
activity in serum is still the most used index of bone ple, Riggset al (1998) carried out a 4-year randomized

formation in clinical use, especially in conditions where CO:;?":SS givgnr;eéxecvtr:%nhtarﬁl a(?ggr:ngsfﬁj@ alri] ngfg' of
large increases in bone turnover occur, such as Paget’ p

disease (Robins & New, 1997). However, it is less useful for 14mg/d. Ca supplementation significantly reduced serum

. . . steocalcin and urinary Pyr levels as well as bone loss at the
detecting more subtle changes in bone metabolism, anofoemur and total body. Similar findings of reduced bone

bone-specific bone alkaline phosphatase measured in serum :

X o I ; urnover have been reported in a number of other Ca supple-
using specific monoclonal antibodies is now widely used S| entation studies conpducted over periods of 2—4 yeafspin
a biochemical marker of bone formation (Eyre, 1996). Operi— or post-menopausal women (Eldersl 1994; Prince

o e e et a 1905; Mkantet al 1996). Such observaons are ot
P y limited to older age-groups, but have been made also in

bone resorption (Eyre, 1996). Urinary levels of the pyridin- children and adolescents. For example, Johnstoral

ium cross-links of collagen, pyridinoline (Pyr) and deoxy- ( :
L ; 1992) showed that Ca supplementation (1000 mg/d) for 3
pyridinoline (Dpyr), have been the most studied markers of years significantly reduced serum levels of osteocalcin in
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prepubertal children with a mean usual Ca intake of (McKane et al 1996; Riggset al 1998). For example,
900 mg/d. The reductions in serum osteocalcin levels with McKaneet al (1996) showed that serum PTH was reduced
Ca supplementation were accompanied by greater increaselsy 40 % and urinary Dpyr by 35 % in post-menopausal
in BMD. Similarly, Dibbaet al (1998) showed that Ca women who were maintained on a supplemented Ca intake
supplementation (714 mg/d) for 12 months of 10-year-old (60-2 mmol (2414 mg)/d) for up to 3 years compared with
rural Gambian children accustomed to a low Ca intake age-matched subjects on their usual Ca intakes (20-4 mmol
(300—400 mg/d) significantly lowered serum levels of osteo- (815 mg)/d). Riggset al (1998) showed that serum PTH
calcin and increased bone mineral stafls @-001; Dibba and bone loss were reduced in post-menopausal women
et al 1999) over that time. However, Cadogdral (1997) supplemented with an additional 1600 mg Ca/d for 4 years
did not observe any change in serum osteocalcin or acompared with unsupplemented age-matched subjects
number of other indicators of bone turnover in adolescentwhose habitual Ca intake was 714 mg/d. Indeed, the respon-
girls whose mean usual Ca intake of 746 mg/d was supple-siveness of serum PTH to dietary Ca suggests that it too
mented with an additional 568 ml milk/d for 18 months, could be considered as a potential indicator of Ca adequacy.
although BMC and BMD were reported to increase.

While it takes at least 1 year to obtain a measurable
response of bone mass to changes in Ca intake, responses of
biochemical indicators of bone metabolism occur over a At present, serum Pi seems to be the best marker for estimat-
shorter period. Indicators of bone resorption respond withining adequacy of P intake in adults. However, the model that
hours to days, while indicators of bone formation respond relates dietary intake to serum Pi requires further invest-
over months. There are a number of short-term studiesigation in infants, children and adolescents. There are, as
which show a response of biochemical indicators of boneyet, no functional indicators of P status. The dietary balance
resorption to changes in dietary Ca. For example, Ginty approach is considered to be the best available method for
et al. (1998) examined the effect of increased Ca intake onestimating Mg requirements. While the Mg tolerance test is
biochemical markers of bone turnover in healthy young a useful indicator of Mg status in the clinical setting, intra-
adults (mean age 23 years) over a 2-week period. The resultsellular Mg content (e.g. erythrocyte or lymphocyte Mg) is a
showed that supplementation of the usual diet (22 mmolmore practical approach to assessing status. The lack of
(882 mg) Ca/d) with additional Ca (20 mmol (800 mg)/d) for functional markers of Mg status is a significant disadvan-

a 2-week period resulted in a significant reduction in the tage for studies relating Mg intake or status to health out-
urinary excretion of Pyr and Dpyr, indicating a reduction in comes such as hypertension, cardiovascular disease and
the rate of bone resorption. Similar findings have been osteoporosis. Maximal Ca retention (which is based on
reported in a number of other short-term studies which balance data) and bone mass measurements are useful
examined the influence of Ca supplementation on bio- functional indicators of the adequacy of Ca intake and have

Conclusions

chemical markers of bone turnover (Horowgtizal 1984, been used by the US Food and Nutrition Board in estimating
1994; Neeckt al. 1987; Shapsest al. 1995; Rubinacagt al the ‘adequate intake’ of Ca for different population groups
1996; Scopacast al 1998). (Institute of Medicine, 1997). Biochemical markers of
Evidence from longer-term Ca intervention studies (1-4 bone turnover have been shown to respond to dietary Ca in
years; Johnstoat al. 1992; Elder®t al 1994; Princest al short-term (weeks) and long-term (years) studies and are

1995; McKaneet al 1996; Dibbaet al. 1998, 1999; Riggs  predictive of changes in bone mass and fracture risk. Thus,
et al 1998) indicates that the changes in bone metabolismthe response of these markers to Ca intake may be useful for
observed in short-term studies are sustained while the Caestimating dietary Ca requirements.
intervention is maintained, and thus such short-term studies
may be useful indicators of Ca adequacy. However, such
short-term studies should be of a minimum of 2 weeks References
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