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Determining calcium requirements for infants and children is vital due to high calcium needs for growth. Balance studies enable comprehensive
measurement of calcium metabolism and can support nutrient requirement development. This systematic review summarizes evidence from mass
balance and isotopic studies in children aged 0-4 y to address key questions on calcium loss and absorption/retention identified by an expert
group developing calcium requirements. Literature searches were implemented in multiple electronic databases to June 2020. Balance studies
assessing calcium intake, loss, absorption, or retention in healthy children were eligible. A newly developed risk-of-bias assessment tool was used
for balance studies, and a modified Grades of Recommendation, Assessment, Development, and Evaluation approach determined strength of
evidence. Altogether, 23 studies (15 mass balance; 8 isotope) with 485 total participants were included. Only 3 studies were of children >6 mo.
Mass balance studies suggested infant feed components may influence calcium balance. The random-effects model meta-regression on 42 mass
balance study arms showed an average net calcium retention of 40.4% among infants aged 0-6 mo (8 = 0.404 [95% Cl: 0.302, 0.506]). Isotope
studies suggested calcium intake of 240 to 400 mg/d may promote optimal calcium absorption with minimal loss, and intake from human milk
may lead to greater absorption and retention efficacy than formula or solid foods. Most studies had low risk of bias. Strength of evidence was low
due to variability in infant feedings, limited endogenous and dermal calcium loss measures, and few studies isolating calcium effects. To improve
certainty of the body of evidence, more balance studies isolating effects of calcium intake in this age group are needed. Future work on calcium
needs should incorporate both balance measures and biological endpoints of importance (e.g. bone mineral density or content) to determine
adequate calcium intake for growth in infants and children. Adv Nutr 2022;13:1529-1553.

Statement of Significance: A systematic review on calcium balance studies was commissioned by the WHO/FAQO to support an international
expert group tasked with updating calcium requirements for infants and children aged 0-4 y. This review provides a comprehensive evidence
base for setting calcium requirements, using the factorial approach, in this population and highlights the future work needed in pediatric
calcium balance design.
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Introduction needs to meet physiological requirements in infants and

Calcium (Ca) is an essential nutrient that serves a critical
role in bone structure, particularly in stages of growth, such
as infancy and childhood. Inadequate calcium intake during
childhood may increase the risk of fractures and rickets and
prevent the achievement of maximal peak bone mass later
in life (1, 2). Despite the risks associated with low calcium
intake, there is currently limited knowledge on calcium

young children. Measuring bone outcomes following calcium
supplementation in dose-response randomized controlled
trials (RCTs) is one approach to assess calcium requirements
in this population. However, long study durations are
necessary to observe sufficient changes in bone outcomes (1,
2), making RCTs somewhat infeasible, as the maintenance of
costs and careful dietary control is difficult over numerous
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years. Moreover, RCTs may fail to account for other potential
influences on bone outcomes, such as calcium loss and
confounding dietary and lifestyle factors.

Balance studies may serve as an alternate approach to
assess calcium metabolism and model skeletal change. These
studies can be conducted over a shorter duration with
adequate dietary control, and comprehensive measures of
calcium metabolism can be determined. In balance studies,
the amount of a mineral absorbed and retained by the body
can be measured as a proportion of the amount consumed,
after consideration of losses. Therefore, measuring calcium
balance (e.g. absorption, retention, and losses) in response
to various levels of intake can help determine needs for
total body adequacy, while compensating for mineral loss.
In theory, the level of calcium intake where calcium balance
is optimized allows for maximal calcium retention. The
retained calcium can, therefore, be used for bone mineral-
ization in children (1).

For calcium, 2 formative balance designs exist: mass
balance measurements and isotopic techniques. In mass
balance studies, one can determine the amount of calcium
absorbed and retained by calculating the difference between
dietary calcium input and total urinary and fecal calcium
output. However, mass balance studies cannot distinguish
between endogenous calcium and nonabsorbed dietary
calcium in fecal matter. Additionally, as with RCTs, long-
term dietary control and complete urine and fecal collections
are difficult to manage and obtain from a mass balance
design (3). Alternatively, stable-isotope tracers can be used
to provide greater control and accuracy in measuring
calcium balance. For example, isotope studies allow for the
differentiation of endogenous and dietary fecal calcium loss
to determine fractional absorption. In single isotope studies,
the administration of an oral isotope is followed by fecal
collections to calculate the fraction of the tracer absorbed
(4). In dual isotope studies, the relative fraction of an oral
compared with an intravenous isotope tracer in a 24-h
urine sample can be determined. This technique controls for
variations in calcium distribution pool size and eliminates
the need for multiple fecal collections over relatively long
durations (4).

Given the advantages of balance studies in assessing
calcium metabolism, a systematic review of balance studies
was commissioned by the FAO and WHO expert group,
charged with updating calcium requirements for infants and
children aged 0-4 y (5). Balance studies were used to address
the following key questions (KQs) formulated by the expert
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group as part of this task:

¢ Calcium losses: What are the routes for endogenous
losses and amounts of calcium lost through these
various routes in children aged 0-4 y? (For example,
fecal, urinary, and dermal losses.)

e Calcium absorption and retention: What is the ef-
ficiency of absorption and retention of calcium (i.e.
what percentage of calcium consumed is absorbed by
the body) in children aged 0-4 y? (Considering the
source of calcium, including human milk, vitamin
D deficiency, effects of other nutrients consumed
together with calcium, etc. where possible.)

Methods

This article is largely based on a full evidence report
submitted to the WHO. We followed the methodology for
conducting a systematic review outlined in the Institute of
Medicine’s Standards for Systematic Reviews (6) and reported
the study results according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement (7). The study protocol was preregistered on
the International Prospective Register of Systematic Re-
views, PROSPERO (https://www.crd.york.ac.uk/prospero/)
as CRD42020198843.

Literature search and study selection process

Literature search strategies were developed according to
the formulated KQs. These searches were implemented in
MEDLINE® (1946 to Week 3 in June 2020), Embase (1966
to 23 June, 2020), and Cochrane Central (1991 to May
2020) databases. Searches were limited to human studies but
with no language restrictions, and details are included in
the PROSPERO protocol. Additional reference mining was
performed in relevant authoritative reports and systematic
reviews, and full-text articles from a preliminary scoping
review (5) were rescreened for eligibility in this systematic
review. After duplicate citations were removed, abstracts
were screened by 2 independent investigators using the
Rayyan software for systematic reviews (8). Full-text articles
of screened-in abstracts were retrieved and screened by
1 investigator. All rejected articles were reviewed by a
second investigator to confirm or refute their exclusion.
Disagreements were adjudicated by a third investigator or
by group consensus. Abstracts and full-text articles were
assessed for study eligibility criteria and are presented
in Table 1.

Data extraction

Standardized data extraction forms were created to ex-
tract study design and population characteristics from
each included study. Extracted study design data included
sample size; assignment to a run-in diet or assessment of
participants’ habitual diets; calcium content of each study
arm for mass balance studies, and calcium dosage as oral
isotope, i.v. isotope, or i.v. fecal isotope for isotopic studies;
durations of calcium consumption, urine collections, and
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TABLE 1 Study eligibility criteria for the systematic review of calcium intake and metabolism in infants and children aged 0-4 y
Category Inclusion criteria Exclusion criteria
Study design Balance studies’ In vitro (cell) and animal studies
Mechanistic studies? Unpublished studies (e.g. conference abstracts, posters)
Population Generally healthy? children aged 0-4 y Critically ill children admitted to neonatal intensive care

Interventions or
exposures

calcium dosage

Comparators
Outcomes

Any

Calcium absorption and retention

Dietary calcium intake (with or without vitamin D) from
foods, supplements (e.g. infant formula) or isotopic

Routes and amount of endogenous calcium losses (e.g.
urinary, fecal, and dermal losses* where applicable)

unit

Studies that enrolled exclusively premature infants (<32
weeks of gestational age) or very low birth weight
infants (<1500 g)

Studies conducted exclusively in children with moderate
or severe acute malnutrition

Non-oral intake of calcium such as injections or
peripheral parenteral nutrition

None
Maternal health-related outcomes
Any outcome measured only at birth in mothers or in
infants

'Study with measure of dietary calcium intake plus measure of calcium accretion, retention, and/or loss.
2A study "designed to understand a biological or behavioral process, the pathophysiology of a disease, or the mechanism of action of an intervention. Not all mechanistic studies

are clinical trials, but many are” (9).

3'Generally healthy” populations are defined as having <20% of the study population with disease at the study’s baseline. Nutrition deficiencies, overweight, and obesity are not

considered diseases in this systematic review.

“Recent reports from authoritative bodies have noted a lack of data for children regarding dermal losses and therefore it may be necessary to extrapolate from adult data.

fecal collections; methods used to assess calcium; and specific
calcium outcomes measured in the study. Extracted popu-
lation characteristics included age, sex, race/ethnicity, and
health status. Results for mean calcium intake, urinary and
fecal calcium loss, and concentrations of calcium absorption
and retention were also extracted. To extract study results
for all outcomes of interest, separate forms were created
for mass balance and isotope studies. Data was extracted
by 1 investigator and independently assessed by another
investigator.

Risk-of-bias assessment

No risk-of-bias (RoB) assessment tool currently exists for
studies with a balance design. We developed a RoB tool for
calcium balance studies (see Supplemental Appendix A).
Specified domains were created to assess potential biases
of a balance design. Calcium balance studies were further
categorized by isotopic or mass balance measurements,
with domain questions corresponding to the methodological
underpinnings associated with each design. These domains
were based on the standardization of calcium, appropriation
of compounds and dosages, physiologic quantification and
duration of biological sample collection, and analytical
techniques utilized. Two investigators independently per-
formed the RoB assessment for each included study. Dis-
agreements were resolved through discussions between the
investigators.

Data synthesis and strength of evidence rating
Data were synthesized by each KQ, balance design, and bal-
ance outcome. Summary tables were created to present key

study features and results to facilitate qualitative synthesis.
The Grades of Recommendation, Assessment, Development,
and Evaluation (GRADE) approach (10, 11) was utilized
to determine the strength of evidence for each outcome.
We developed a modified GRADE approach to grade
the strength of evidence for the calcium balance studies.
Supplemental Appendix B presents details of this modified
GRADE approach. GRADE evidence profile tables (12), with
minor modifications, were used to present synthesized data
for each KQ.

Meta-regression

No meta-analyses were performed due to large heterogeneity
in exposure and outcome definitions or ascertainment meth-
ods across included studies. Random-effects model meta-
regression analysis was performed to examine the relation
between daily mean calcium intake and mean concentrations
of calcium retention by prespecified age groups (0-90 d,
91-180 d). The unit of the meta-regression analysis is each
intervention arm. Analysis and plotting were conducted in
Stata 16 (StataCorp. 2019. Stata Statistical Software: Release
16. StataCorp LLC).

Results

Altogether, 23 calcium balance studies (# = 15 mass balance,
and n = 8 isotope design) were included in this systematic
review. The literature search and study selection process are
summarized in Figure 1. A list of excluded full-text articles
with exclusion reasons is available upon request. Below, the
study characteristics and KQ results are reported separately
for mass balance and isotope studies. Summary paragraphs

Calcium intake and metabolism in children aged 0-4y 1531



(n = 20,930)

Records identified through database searching

(n = 16,198)

Records after duplicates were removed

Abstracts screened
(n=16,198)

Additional records identified

Abstracts and additional records

through other sources after

excluded

duplicates were removed
(n=305)
+ Reference mining (n = 76)

(n = 58)"

Full-text articles assessed for eligibility

(n = 16,147)

Full-text articles excluded

» Scoping review (n = 222)
* Hand search (n=7)

v

with reasons
(n=11)
Wrong study design: 2
Mean age > 9: 5

(n=23)

Studies included in the qualitative synthesis

No outcome of interest: 2
Wrong exposure: 2

l

l

Ca losses KQ
(n=18)

Ca absorption and
retention KQ
(n=23)

FIGURE 1

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow chart of the literature search and study

selection process. ' The abstract screening phase included both calcium and vitamin D articles, as the WHO/FAO commissioned both a
calcium and vitamin D report to set requirements in children aged 0-4 y. Furthermore, the WHO/FAO expert panel developed additional
calcium key questions, which included different study designs. This review only included calcium balance studies assessed in the calcium
losses and absorption/retention KQs. *Included studies were often categorized into > 1 key question. Studies included in each key
question do not add up to the total number of studies included in the qualitative synthesis. Ca, calcium; KQ, key question.

describing the strength of evidence provide collective results
from mass balance or isotope studies for each KQ. Detailed
narratives of all balance studies addressing the calcium
losses KQ and calcium absorption/retention KQ are found in
Supplemental Detailed Narratives.

Study characteristics

Mass balance studies.

Fifteen studies in this review included mass balance mea-
surements in the age group of interest. All 15 studies
measured calcium intake, 10 measured urinary calcium loss,
14 measured fecal calcium loss, 14 measured absorption, and
12 measured retention. Eleven studies were in infants aged
0-90 d, but only 2 of these studies utilized interventions
where the effects of calcium could be isolated (13, 14) (e.g.
the only difference between arms is in the amount of dietary
calcium). Five studies (15-19) were in infants aged 91-180 d.
From these, only one was designed to isolate the effects of
calcium (15). One study performed serial metabolic calcium
balance measures across the first 6 mo of life (0-180 d)
(19). No study reported calcium balance for ages >6 mo
to <4y.

Eleven studies included a run-in diet or otherwise stan-
dardized participants’ calcium intake, and 3 studies measured
habitual dietary intake prior to beginning the metabolic
balance study. One study evaluated a single study arm diet
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(20). The remaining 14 studies compared multiple arms
which varied in either calcium content of the total diet (14,
15, 19), calcium to phosphate ratios (13, 21), non-calcium
nutrients such as blend of lipids (22, 23), both calcium
content and lipids (16, 18, 24, 25), or presence of lactose
(17, 26). Two studies compared infant formula to either
transitional or mature human milk (24, 27). The duration of
food consumption in these studies ranged from 3 to 180 d,
and urinary and/or fecal collection periods ranged from 48
to 144 h. Atomic absorption spectrophotometry (AAS) was
the commonly used method for measuring calcium content
in food, urine, and/or feces. Study characteristics for all
included mass balance studies are presented in Table 2.

Isotope studies.

Eight isotope studies (2 single isotope, 6 dual isotope studies)
in the age group of interest were included in this review.
Seven studies measured calcium intake, 4 reported losses
in urine and feces, 8 measured absorption, and 3 measured
retention. Four studies were conducted in infants aged 0-
90 d, 1 study was in infants 91-180 d, 1 study was in infants
6-11 mo, and 2 studies were in children 12-36 mo. Six
studies included a run-in diet or otherwise standardized
participants’ calcium intake prior to the start of the isotope
balance study (13, 29-33). Three studies were either single
arm studies, or only 1 study arm met inclusion criteria. Of the
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Calcium intake and metabolism in children aged 0-4 y



5 studies comparing balance measures across multiple arms,
the effects of dietary calcium could be isolated in 1 study (13).
Oral doses of isotope ranged from 1.5 mg to 3 mg, with most
studies using **Ca. Intravenous doses of isotope ranged from
10 ug to 15 ug, and **Ca was used in most studies. Duration
of urine collections ranged from 24 to 120 h and fecal samples
were collected from 48 to 336 h. Thermal ionization mass
spectrometry (TIMS) was the most used method to quantify
calcium in the urine and/or feces. Study characteristics for all
included isotope studies are presented in Table 3.

KQ: What are the routes for endogenous losses and amounts
of calcium lost through these various routes in children aged
0-4 y? (For example, fecal, urinary, and dermal losses.)

Detailed narrative syntheses of mass balance and isotope
studies addressing this KQ are reported in Supplemental
Detailed Narratives.

Urinary and fecal losses

Mass balance studies.

Fourteen mass balance studies (13-21, 23-27) reported
urinary and fecal calcium loss in infants (Table 4). Nine
studies assessed infants within the 0-90 d age range, while
5 studies assessed infants within the 91-180 d age range.
In addition, Moya et al. (26) combined urinary and fecal
excretions to quantify calcium loss, as urine output was
low for infants in this study. The effects of dietary calcium
on losses could be isolated in 3 of the 15 studies (13-15).
The strength of evidence from mass balance studies on the
routes and amount of calcium loss in relation to intake
in subjects aged 0-4 y is low based on these 15 studies
(Table 5). Three studies designed to isolate the effects of
calcium suggest that increasing calcium intake from formula
(93.8 mg/[kgxd] to 176.0 mg/[kg+d]) may increase fecal
and urinary loss, though findings were variable. Studies in
which the effects of calcium could not be isolated show
that nutrients consumed with calcium may influence calcium
loss. For instance, the presence of palm olein (18, 25) in
formula resulted in significant increases in fecal calcium
loss, irrespective of protein source (18). In a study using
both infant formula and human milk, both fecal fatty acid
loss (palmitic and stearic) and fecal calcium loss was lower
in infants who consumed human milk than formula (24).
When the fatty acid structure of an infant formula was
modeled to resemble that of human milk (e.g. 66% of the
available palmitic acid [PA] esterified at the S-position of
the triglyceride [TG]), decreases in fecal calcium loss was
observed, when compared to formulas with a lower degree
of esterification at the B-position (22). The absence of
carbohydrate (lactose, corn starch hydrolysate) in formula
had no appreciable effect on calcium loss in infants aged 0-
90 d (24),yet the presence of carbohydrate led to significant
increases in calcium loss in infants aged 91-180 d (15).
Consideration of the nutritional composition and quantity
of nutrients in infant formula, to model that of human
milk, may be critical to optimize intake of key nutrients for
growth, development, and function, while minimizing losses.
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Ultimately, additional studies are necessary to confirm and
better understand the contribution of calcium and intake of
other nutrients (e.g. vitamin D, phosphorus, fatty acids) on
overall calcium loss, and changes with intake in infants and
young children.

Isotope studies.

Four isotope studies (2 single isotope [13, 30], 2 dual isotope
[29, 34]) measured calcium losses in infants and young
children. One study assessed infants within the 0-90 d age
range consuming formula; 1 study assessed infants within
the 6-11 mo age range consuming formula, human milk,
and solid foods; and 2 studies assessed subjects in the
12-36 mo age range consuming postweaning foods. All
4 studies measured urinary losses, and 3 studies reported
endogenous fecal losses (Table 6). The strength of evidence
from isotope studies on the routes and amount of calcium
loss in relation to intake in subjects 0-4 y is low based on
4 studies (Table 5). Limited data, variable units, minimal
dietary calcium sources, and age discrepancies preclude any
conclusions on the relations between calcium intake and
losses in children aged 0-4 y. Future studies with multiple
arms differing in calcium intake are necessary to better
understand the contribution of urinary and fecal calcium
excretion to overall calcium loss, and changes with intake in
infants and young children. Additionally, studies on infants
within the 91-180 d age range will provide insight on losses
in this age group.

Dermal losses

Dermal calcium losses were not measured in the included
balance studies. Lynch et al. (29) used a dermal loss value
of 30 mg/d, estimated from data on prepubertal children in
a balance model, to calculate required retention in subjects
aged 1-4 y, which is described later in this article.

KQ: What is the efficiency of absorption and retention
of calcium (i.e. what percentage of calcium consumed is
absorbed by the body) in children aged 0-4 y? (Considering
the source of calcium, including human milk, vitamin D
deficiency, effects of other nutrients consumed together with
calcium, etc. where possible.)

Detailed narrative syntheses of mass balance and isotope
studies addressing this KQ are reported in Supplemental
Detailed Narratives.

Absorption and retention

Mass balance studies.

Fifteen mass balance studies (13-27) reported absorption
and retention outcomes in infants (Table 4). Nine studies
assessed infants within the 0-90 d age range, 5 studies
assessed infants within the 91-180 d age range, and 1 study
assessed in infants aged 0-180 d. Of the 15 mass balance
studies, 3 were designed to isolate the effects of calcium (13-
15). The strength of evidence from mass balance studies
on the efficiency of calcium absorption and retention in
relation to intake in subjects 0-4 y is low based on 15 studies
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(Table 5). Three studies designed to isolate the effects of
calcium suggest that increasing calcium intake from formula
(93.8 mg/[kgxd] to 176.0 mg/[kgkd]) may increase absorp-
tion or retention, though findings were variable. Studies in
which the effects of calcium could not be isolated show
that the quantity of nutrients consumed with calcium may
influence calcium accrual. The addition of palm olein (16,
18, 25) to formula led to decreases in calcium absorption and
retention, despite variabilities in the protein source (18) or
calcium content (16). Modeling the fatty acid structure in an
infant formula to resemble that of human milk (e.g., 66% of
available PA esterified at the S-position of the TG) resulted
in greater calcium absorption and retention, compared
with conventional formulas (13). Moreover, consumption of
infant formula with differences in micronutrient (vitamin D,
phosphorus) (13, 20, 21) or carbohydrate (17) content, along
with fatty acid blends may impact calcium absorption and
retention. Unequivocally large calcium intakes from formula
(60 to 140 mg/[kgxd]) compared with human milk (40 to
70 mg/[kgsxd]) were observed, yet human milk consumption
resulted in greater calcium absorption and retention in
infants aged 0-180 d (19). Additional studies are needed to
confirm and better understand the effects of calcium, other
nutrient intakes (e.g. vitamin D, phosphorus, fatty acids),
and food compositions (e.g. formula, human milk) on overall
calcium accrual and changes with intake in infants and young
children.

Isotope studies.

Eight isotope studies (1 single isotope (13), 7 dual isotope
(29-35) reporting calcium absorption in infants and young
children were included (Table 6). Three of these studies
(13, 29, 34) also measured calcium retention. The source
of dietary calcium differed, along with infant age, across
studies: formula (4 studies) or exclusively human milk (1
study) in infants 0-90 d, formula with or without added
rice cereal in infants 91-180 d (1 study), human milk and
solid foods in infants 6-11 mo (1 study), and solid foods
in young children 12-36 mo (2 studies). The strength of
evidence from isotope studies on the efficiency of absorption
and retention of calcium in relation to intake in subjects aged
0-4 y is low based on 8 studies reporting absorption and 3
studies reporting retention (Table 5). Findings across studies
were variable. At intakes between 241 mg/d and 741.1 mg/d,
fractional absorption ranged from 23.5% to 76.0%, and total
net absorption (reported by study authors or calculated by
authors of this review) ranged from 56.6 mg/d to 328 mg/d.
At intakes between 241 mg/d and 550.7 mg/d, retention
efficacy ranged from 28% to 40%, and total retention ranged
from 68 mg/d to 161 mg/d. Overall, findings suggest that
calcium intakes of 241 mg/d to 259 mg/d result in greater
fractional absorption, but lower total net absorption than
calcium intakes of 470 mg/d to 740 mg/d, regardless of
dietary source. At similar calcium intakes, absorption efficacy
from human milk may be greater than that from formula
or solid food, and lactose may enhance absorption efficacy
from formula. Controlled studies designed to isolate the

effects of calcium and use of consistent dietary sources of
calcium in infants would strengthen the proposed relations.
Additional studies on older infants (91 d to 1 y) are necessary
to determine changes in absorption throughout infancy.
Findings on calcium retention were limited, and additional
studies using direct measures of endogenous fecal calcium,
rather than estimates, are necessary to determine associations
with intake and age.

RoB assessment

The overall RoB was low across most mass balance studies
(Supplemental Table 1). Only 2 studies (20, 23) were rated as
having some concerns for bias due to the lack of information
available on a validated technique for quantification of
calcium in formula samples.

The overall RoB was low in 7 out of the 8 isotope
studies (Supplemental Table 2). One study (13) was rated
as having some concerns for bias primarily due to lack of
reporting on sterility and pyrogenicity testing of the isotopes
administered.

Meta-regression

Infants <12 mo.

Random-effects meta-regression was performed to examine
the relation between daily mean calcium intake and retention
concentrations in infants aged 0-6 mo. Of note, no studies
in infants aged 6 mo to 1 y reported suflicient data for the
meta-regression. In total, 43 study arms from 10 publications
were included in the analysis (14-17, 19-21, 23, 24, 26).
All included studies used mass balance measurements. The
meta-regression results showed that every 10 mg/(kgxd)
increase in mean calcium intake was associated with an
average calcium retention of 4.04 mg/(kg+d) (B-coeflicient
= 0.404 [95% CI: 0.302, 0.506], P<0.0001). In other words,
on average, the net retention of calcium was 40.4% (95% CI:
30.2-50.6%). However, the residual heterogeneity was very
large (I? = 86.18%, P<0.0001) (Figure 2).

Children >12 mo.
The existing data was insuflicient to perform meta-regression
in children >12 mo.

Discussion

Balance studies provide a controlled and comprehensive
understanding of calcium metabolism in response to various
concentrations of calcium intake. To our knowledge, this is
the first systematic review on calcium balance studies that
will be used to inform calcium requirements in infants and
children aged 0-4 y set by the FAO/WHO. The 15 mass
balance studies and 8 isotope studies included in this system-
atic review provide insight on calcium absorption, retention,
and losses in infants and young children consuming calcium
in various quantities and from various sources. Overall,
the included mass balance studies suggest the nutrient
content of infant feedings may negatively (e.g. fatty acid
structure and composition) or positively (e.g. carbohydrate
source) influence calcium balance. The included isotopic
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aged 0-6 mo.

studies suggest that specified calcium intake ranges (240
to 400 mg/d) may result in optimal calcium absorption
with minimized calcium loss. Additionally, findings suggest
that similar calcium intakes from human milk, compared
with formula or solid foods, may lead to greater absorption
and retention efficacy. Of note, inherent differences in the
composition of human milk relative to formula, including
immunological factors and other bioactive compounds, limit
comparability based on calcium intake alone. Additionally,
although calcium intake from human milk is generally on
the lower end of the 240-400 mg/d range, there is no
current data to support the benefit of achieving a higher bone
mass using formula, than that of infants fed human milk
(37). Furthermore, the WHO recognizes that human milk
provides sufficient calcium to support bone growth from 0
to 6 mo. Therefore, future balance studies on human milk
should be used to set the standard target for infant formulas
(37).

Despite the findings from balance studies, the strength of
evidence from the reviewed studies is low and limitations
exist. As discussed, the mass balance studies included in
this review were designed to assess how compositional
differences in formula affect calcium loss, absorption, and/or
retention in young infants (aged 0-180 d). The available
isotopic studies included infants (aged 0-11 mo) and young
toddlers (aged 1-3 y) and were designed to quantify calcium
balance following controlled nutrient feedings. Overall, of the
23 balance studies included, only 2 studies assessed infants
beyond the age of 1 y. Most studies included formula as the
primary intervention, yet large nutrient variability existed
across the formulations given. Few studies assessed calcium
balance in response to variations in calcium dose. Taken
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together, constraints on subject age, differences in infant
feedings, and restricted doses of calcium consumed limit the
comparability of findings across studies.

Consideration of mineral loss is a critical component in
determining calcium balance and needs. Routes of loss may
vary but are typically unique to the mineral. For calcium, it
is acknowledged that excretory pathways primarily lie in the
urine and feces. Other bodily fluids and tissue, such as sweat
and mucosal cells, can further contribute to total calcium
loss (38). Calcium excreted in the feces is comprised of both
unabsorbed dietary calcium and calcium secretions from the
digestive system (e.g. saliva, gastric and pancreatic juices,
bile), the latter of which is referred to as endogenous fecal
calcium (30, 38). Although it is crucial to measure endoge-
nous calcium loss to determine net absorption, measuring
such losses cannot be done in a mass balance design (39), as
the 2 forms of fecal calcium are not readily distinguishable
(30). In this review, 15 out of the 23 included studies were
described as mass balance studies. As such, complete balance
measures (e.g. endogenous fecal loss) was not possible by
design, which limits the interpretation of findings from these
studies. Out of the 8 isotopic studies included in this review,
4 studies reported endogenous fecal losses. Of these, only
2 studies directly measured endogenous loss. Balance data
on dermal calcium loss (e.g. sweat) is notably absent in
infants and young children. Historically, dermal loss data
is extrapolated from adults (40) for quantifying calcium
accretion in children. Although direct measures of dermal
calcium loss in infants and young children (aged 0-9 y)
would be the ideal approach, measuring such losses in these
age groups may be impractical, considering the conditions
necessary to induce sweating and perform collection (e.g.



skin washing and weighing, use of cotton suits and skin
patches over multiple days) (40). As a result, some degree of
estimation from adolescents or adults may be necessary.

Studying and quantifying nutrient needs poses numerous
challenges, one of which is designing controlled feedings
where the nutrient in question can be isolated from all pos-
sible dietary and extraneous confounding factors. Nutrition
research has acknowledged the importance of studying the
combined effect of nutrients on health, as individuals do not
consume single nutrients or specific foods in isolation, and
nutrition-related disease is likely linked to the synergistic
effects of multiple dietary components (41, 42). Assessing
nutrient needs in younger populations, however, should in-
volve a controlled, single-nutrient approach, as the focus is to
optimize long-term health outcomes (e.g. bone accretion and
growth) rather than reduce the risk for disease. Optimizing
such outcomes in children requires an understanding of
how these nutrients, individually, confer their benefits across
early life stages. In this review, the effects of calcium could
only be isolated in 3 out of the 23 included studies. An
additional 3 studies (20, 29, 34) were described as single-
arm interventions and were not included in this assessment.
Overall, most studies with multiple comparators could not
isolate the effects of calcium. Thus, interpretation of calcium
balance outcomes from these studies is difficult, as calcium
accretion may not depend on calcium intake alone but on
the variability of other nutrients within the dietary feedings
given. Studying calcium intake in isolation across the life
stage would provide a stronger evidence base for directly
linking calcium intake on bone accretion and growth.

The interactions between nutrients and the alteration of
mutual requirements based on such interactions are com-
monplace in the study of nutritional needs. For calcium, there
is an inherent lack of efficient conservation mechanisms in
humans; thus, this nutrient is particularly sensitive to various
nutrient-nutrient interactions (43). Excess consumption of
sodium, for example, may lead to excess urinary calcium loss,
as both nutrients share a common pathway for resorption in
the kidney, whereby increased filtration of one mineral leads
to excess loss of the other (43). In this systematic review,
numerous mass balance studies in infants have demonstrated
that fatty-acid composition (PA) negatively affects calcium
absorption, as unabsorbed PA has the tendency to complex
with calcium and form insoluble calcium soaps (16, 18, 25).
Despite the compelling evidence on the relation between
fatty acid intake on calcium balance reported, there are a
limited number of studies in younger populations (0-9 y)
assessing the effects of mineral, vitamin, and macronutrient
consumption on calcium balance. Ideally, including studies
where inhibitory or enhanced calcium-nutrient interactions
have been identified could strengthen the quantification of
calcium needs across the lifespan.

Future directions

Design of balance studies.

Based on the low strength of available evidence for this
systematic review, and the variability and gaps among

included studies, the following future directions may help
guide the design and implementation of calcium balance
studies in younger populations.

1. The quantity of calcium balance studies in infants and
young children are limited.

a. No mass balance studies were reported for the age
range of 6 mo to 3 y.

b. No isotope studies were reported for the age range of
91 to 180 d.
Growth rates vary considerably from birth through
childhood (38). Therefore, extrapolating data from
older or younger age groups, even within pediatric
populations, may not provide accurate estimates of
calcium needs. Therefore, future work should focus on
studying the above-mentioned age groups.

2. Studies using larger sample sizes, designed to isolate
the effects of calcium (e.g. the only difference between
intervention and control group is in the amount of
dietary calcium), and/or using a range of calcium doses to
demonstrate a dose-response effect will provide greater
confidence in the relation between intake and relevant
measures.

3. For greater comparability across studies, standardized
units (e.g. mg/[kgxd]) and dietary sources (e.g. formula
or human milk in infants) are necessary.

4. Direct measures of endogenous fecal losses rather than
estimates are needed to determine accurate measures of
calcium retention and accretion.

5. Future balance studies should further assess the inter-
actions between calcium and other nutrients (e.g. iron,
magnesium, zinc, sodium, vitamin D, fatty acids, protein).

Determination of calcium needs.

Decades of work on mass balance and isotope studies
have characterized calcium absorption, retention, and loss
to understand and assess calcium metabolism in healthy
pediatric populations (44, 45). Much of this available balance
data has served as valuable evidence for establishing DRIs
in young children (38). It is compelling to recommend the
exclusive use of balance studies to determine an optimal
calcium intake to meet needs across the first years of life.
However, the sole use of balance studies may not be practical,
given the identified gaps in current evidence and general
limitations in infantile balance design (e.g. difficulties in
measuring endogenous and dermal calcium loss and cross-
sectional nature of measures), the latter of which may not be
easily rectified with additional studies alone.

Alternatively, data from balance studies could act as com-
plementary evidence to surrogate endpoints of bone mineral
density and content, serum values, and clinical outcomes
(e.g. rickets) for determining calcium needs. This approach,
commonly referred to as the factorial method/calculation,
uses both balance measures (e.g. calcium fractional absorp-
tion and losses) and whole-bone mineral density data (as
measured by DXA) to determine average calcium retention
and skeletal accretion, respectively (38, 44) (Figure 3).
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Although there are limitations to using factorial calculations
(e.g. variability in data across studies) (44), the combined use
of balance data and surrogate endpoints provides a sound
strategy for establishing calcium needs in age groups or pop-
ulations where data may be limited, such as infants and young
children. In further support of incorporating bone-related
outcomes, the Institute of Medicine (IOM) Committee tasked
with updating calcium DRIs in 2010 reviewed existing
evidence to validate indicators of calcium adequacy; bone
health was found to satisfy the criteria as an indicator for
calcium needs (e.g. causality was established with sufficient
dose-response evidence) (46). Furthermore, the committee
concluded that during periods of bone calcium accretion (e.g.
growth), bone calcium accretion/retention is informative
when combined with a factorial approach. These findings
continue to highlight the use of complementary evidence
(e.g. DXA and balance study data) for understanding needs
and setting requirements for specific nutrients or popula-
tions.

Future work determining calcium needs in infants and
young children would greatly benefit from well-designed
balance studies that measure all pertinent outcomes (intake,
losses [endogenous and dermal], absorption, and retention)
to model skeletal change. However, from a practical stand-
point, the use of measured or extrapolated balance outcomes,
along with surrogate endpoints, should continue to be used
in factorial calculations to estimate calcium needs in infants
and young children.
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