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ABSTRACT

Childhood and adolescence are critical periods for optimizing skeletal growth. Dairy products are valuable sources of bone-beneficial nu-
trients, particularly calcium and protein. A random-effects meta-analysis of published randomized controlled trials was performed to
quantitatively assess the effects of dairy supplementation on bone health indices in children and adolescents. The PubMed and Web of
Science databases were searched. Dairy supplementation increased whole-body bone mineral content (BMC) (+25.37 g) and areal bone
mineral density (aBMD) (+0.016 g/cmz), total hip BMC (+0.49 g) and aBMD (+0.013 g/cmz), femoral neck BMC (40.06 g) and aBMD
(+0.030 g/cmz), lumbar spine BMC (+0.85 g) and aBMD (+0.019 g/cmz), and height (0.21 cm). When expressed as a percentage difference,
whole-body BMC was increased by 3.0%, total hip BMC by 3.3%, femoral neck BMC by 4.0%, lumbar spine BMC by 4.1%, whole-body
aBMD by 1.8%, total hip aBMD by 1.2%, femoral neck aBMD by 1.5%, and lumbar spine aBMD by 2.6%. Dairy supplementation
increased serum insulin-like growth factor I concentrations (19.89 nmol/L) and reduced concentrations of urinary deoxypyridinoline (—1.78
nmol/mmol creatinine) and serum parathyroid hormone (—10.46 pg/mL) but did not significantly affect the serum concentrations of
osteocalcin, bone alkaline phosphatase, and C-terminal telopeptide of type 1 collagen. Serum 25-hydroxyvitamin D concentrations (+4.98
ng/mL) increased with vitamin D-fortified dairy supplementation. The positive effects on bone mineral mass parameters and height were
generally consistent across subgroups defined by sex, geographical region, baseline calcium intake, calcium from the supplementation, trial
duration, and Tanner stages. In summary, dairy supplementation during growth leads to a small but significant increase in bone mineral
mass parameters, and these findings are generally supported by the changes in several biochemical parameters related to bone health.
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Statement of significance

Dairy products are a valuable source of calcium and other bone-beneficial nutrients and, thus, are considered important for growing bones.
However, the extent of the skeletal benefits of dairy products on growing bones remains debated. The present meta-analysis suggests that
consuming dairy products during growth may favorably affect bone mineral mass parameters, possibly by preventing parathyroid hormone-
mediated bone loss and stimulating insulin-like growth factor I secretion. Using dairy products to enrich the diet with high-quality calcium
could be a fruitful dietary strategy to improve bone health during growth.

Abbreviations: aBMD, areal bone mineral density; BALP, bone alkaline phosphatase; CTx, C-terminal telopeptide of type 1 collagen; Dpd, deoxypyridinoline; NTx,
N-terminal telopeptide of type I collagen; PINP, procollagen type 1 N-propeptide; RCT, randomized controlled trial; RoB, risk of bias; WMD, weighted mean

difference.
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Introduction

Bone growth begins in utero and continues toward the end of
the second decade of life when the maturation process is com-
plete and peak bone mass is achieved. Peak bone mass is
generally defined as the amount of bone tissue gained when a
stable skeletal state has been attained at the end of the period of
growth [1]. After peak bone mass attainment, bone mass de-
creases with age, increasing risk of osteoporosis and subsequent
fractures [1,2]. An estimated 10% increase in peak bone mass
might delay the onset of osteoporosis by approximately 13 y [3].
Although between 60% and 80% of peak bone mass variance is
genetically determined, environmental factors, including diet,
may modify the genetic potential for skeletal growth [4,5].

Calcium, vitamin D, and protein have been identified as major
dietary determinants of peak bone mass [1]. Although dairy
products do not naturally contain significant amounts of vitamin
D, they can be fortified with this vitamin. Dairy products are the
leading natural sources of calcium and protein, accounting for
~50% to 60% of daily calcium intake and ~20% to 30% of daily
protein intake [6]. Dairy products may influence bone mass
accrual through a remodeling process mediated by calcium (ie,
higher bone mass from the prevention of PTH-induced bone loss)
and a modeling process through protein-stimulated IGF-I secre-
tion, favoring periosteal expansion (ie, larger bone size) [4-6]. In
addition, protein-stimulated IGF-I secretion may accelerate lon-
gitudinal bone growth by endochondral ossification, resulting in
longer bones (ie, taller height) [4-6].

Over the past few decades, the effects of dairy supplementation
on bone mass parameters (BMC and areal bone mineral density
[aBMD]), bone turnover markers, hormones related to bone
metabolism (PTH, 25(0OH)D, and IGF-I), and longitudinal bone
growth (height) in children and adolescents have been examined
in multiple randomized controlled trials (RCTs) [7-27] with small
sample sizes and inconsistent findings. Based on the under-
standing acquired from the available qualitative (systematic) and
narrative reviews [6,28-34] appraising some of those RCTs, dairy
products appear to have the potential to improve bone health,
mainly by increasing BMC and aBMD. However, it is difficult to
estimate the extent of the benefits of dairy products, as the skeletal
effects of dairy supplementation were not quantitatively assessed
in those reviews. To extend upon the knowledge of the role of
dairy products on growing bones, a meta-analysis of published
RCTs was performed to provide a quantitative estimation of the
effects of dairy supplementation on bone mass parameters, bone
turnover markers, hormones related to bone metabolism, and
height in children and adolescents.
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Methods

The preparation and reporting of the present meta-analysis
adhered to the PRISMA checklist [35]. The research question
was determined by the Participants, Interventions, Comparisons,
Outcomes, and Study framework. Two investigators (KH and
L-LZ) independently performed the literature search, study se-
lection, data extraction, and assessments of risk of bias (RoB) and
certainty of the evidence. Disagreements between the 2 in-
vestigators were resolved by consensus.

Study selection

The Participants, Interventions, Comparisons, Outcomes, and
Study framework is shown in Table 1. Briefly, parallel or cross-
over RCTs that enrolled children or adolescents were included in
the present meta-analysis if they met all of the following inclu-
sion criteria: 1) one or more intervention groups received dairy
products and were compared with nondairy control (or placebo)
or no intervention; 2) reported effects on aBMD, BMC, bone
formation markers (osteocalcin, bone alkaline phosphatase
[BALP], procollagen type 1 N-propeptide [P1NP], and procolla-
gen type 1 C-terminal propeptide), bone resorption markers
(pyridinoline, deoxypyridinoline [Dpd], N-terminal telopeptide
of type I collagen [NTx], C-terminal telopeptide of type 1
collagen [CTx], or tartrate-resistant acid phosphatase), hor-
mones related to bone metabolism (PTH, 25(0OH)D, and IGF-I),
or height. For 25(OH)D, only the RCTs that used vitamin D-for-
tified dairy products were selected because dairy products do not
naturally contain vitamin D. If multiple articles reporting find-
ings from the same trial participants were identified, only the
one with the largest sample sizes and longest trial duration or the
most relevant data was included.

Search strategy

The PubMed and Web of Science databases were searched for
relevant RCTs reported in any language from their inception to
December 2021 with no restrictions and filters, using the
following combination of search terms: (milk OR cheese OR
yogurt OR dairy) AND (randomized OR randomly OR trial) AND
(bone OR bone remodeling OR bone resorption OR bone for-
mation OR bone turnover OR bone mineral density OR bone
mineral content OR bone mass OR bone loss OR osteoporosis OR
vitamin D OR Pyridinoline OR Pyr OR deoxypyridinoline OR D-
Pyr OR N-terminal telopeptide of type I collagen OR NTx OR C-
terminal telopeptide of type 1 collagen OR CTx OR tartrate-
resistant acid phosphatase OR TRAP OR osteocalcin OR alka-
line phosphatase OR procollagen type 1 N-propeptide OR P1NP

TABLE 1
Participants, Interventions, Comparisons, Outcomes, and Study design
Parameter Criteria
Participants Children and adolescents (<18 y)
Intervention Dairy products (eg, milk, yogurt, cheese)
Comparison Nondairy placebo or control or no intervention
Outcome Bone mineral content, areal bone mineral density, bone formation markers (osteocalcin, bone alkaline

phosphatase, procollagen type 1 N-propeptide, and procollagen type 1 C-terminal propeptide), bone resorption
markers (pyridinoline, deoxypyridinoline, N-terminal telopeptide of type I collagen, C-terminal telopeptide of
type 1 collagen, and tartrate-resistant acid phosphatase), hormonal indices related to bone metabolism
(parathyroid hormone, 25-hydroxyvitamin D, and insulin-like growth factor I), and height

Study design

Parallel or crossover randomized controlled trials
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OR procollagen type 1 C-terminal propeptide OR P1CP OR
parathyroid hormone OR vitamin D OR insulin-like growth fac-
tor 1 OR IGF-1 OR height). To complete the database searches,
the reference lists of the retrieved articles were hand-searched
for additional RCTs.

Data extraction
Trial and participant characteristics and relevant data were
extracted from each included RCT.

Assessments of the RoB and the certainty of the
evidence

The RoB of each RCT was appraised using the Cochrane
Collaboration’s tool for assessing the RoB [36] that covers 6
domains of bias (each domain includes 1 or more items): selec-
tion bias (random sequence generation, allocation concealment),
performance bias (blinding of the participants and personnel),
detection bias (blinding of outcome assessment), attrition bias
(incomplete outcome data), reporting bias (selective outcome
reporting), and other bias (see below). After careful assessment,
each item can be classified as “low risk,” “high risk,” or “unclear
risk” of bias.

Since skeletal growth velocity and bone turnover rate vary by
pubertal stage [37,38], it would be challenging to determine
whether the observed changes in bone health parameters were
due to puberty or dairy supplementation if the RCTs enrolled
participants at pubertal age. Under the domain of other bias, all
RCTs (except for those that enrolled only nonpubertal children)
were assessed for the potential biasing effect of puberty. Puberty
may begin between 8 and 13 y in girls and 9 and 14 y in boys
[39]. Therefore, the RCTs that included children aged 8 (for
trials that included girls only or both sexes) or 9 (for trials that
included boys only) y and older were scrutinized for the poten-
tially biasing effect of puberty. These RCTs required one of the
following conditions to be considered to have a low RoB: 1)
enrolling only participants at the same Tanner stage, 2) matching
for Tanner stages, 3) performing stratification by Tanner stages,
or 4) adjusting for Tanner stages statistically.

The certainty of the evidence for each outcome was evaluated
using the NutriGrade [40] scoring system that includes the
following items: 1) RoB, study quality, and study limitations
(maximum 3 points); 2) precision (maximum 1 point); 3) het-
erogeneity (maximum 1 point); 4) directness (maximum 1
point); 5) publication bias (maximum 1 point); 6) funding bias
(maximum 1 point); 7) study design (maximum 2 points). The
following total score cutoff points were assigned to define the
certainty of evidence: 0 to <4 (very low), 4 to <6 (low), 6 to <8
(moderate), and >8 points (high).

Statistical analyses

The 25(0H)D analysis included only vitamin D dairy products
(see study selection), whereas other analyses included fortified or
unfortified dairy products. The highest dose was selected if multi-
ple doses of dairy products were assigned. If different fortification
statuses of calcium or vitamin D were assigned, the one with the
highest dose of additional agents (eg, dairy 4+ 900 g of calcium was
selected instead of dairy + 600 g of calcium) or those with maximal
addition of agents (eg, dairy + calcium + vitamin D was selected
instead of dairy + calcium) were selected. The weighted mean
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difference (WMD) was used as the summary measure of effect sizes
(or intervention effects). A random-effects model estimated the
pooled effect sizes and 95% Cls [41]. Sample size, mean difference,
and SD were required from each RCT to estimate the pooled effect
sizes. For parallel RCTs, the mean difference was calculated by
subtracting the mean changes in bone health indices from the
baseline to the end of the intervention in the control group from
those in the dairy group. For crossover RCTs, the mean difference
was calculated by subtracting the mean values of bone health
indices at the end of the control period from those reported at the
end of the dairy supplementation. If not reported, SD was calcu-
lated from the reported SE, CI, or P value using the standard for-
mula [36]. To standardize results from different DXA
manufacturers, the aBMD values at the hip, femoral neck,
trochanter, and lumbar spine obtained by Lunar DXA or Norland
DXA were converted to Hologic DXA equivalent values using
published conversion equations [42-44]. Unfortunately, such
conversion equations have not been developed for BMC (regardless
of the site) and whole-body aBMD. For BMC and whole-body
aBMD, we included all RCTs regardless of the DXA manufacturer.
If adequate RCTs were available for each analysis (at least 10 RCTs
for each analysis) [45], subgroup and meta-regression analyses
were performed based on predefined factors (sex, geographical
region, mean amounts of calcium and protein intakes at baseline,
mean amounts of calcium and protein provided by dairy supple-
mentation, trial duration, and Tanner stages) to identify the po-
tential source of heterogeneity (if any) and its the influence of on
the overall pooled results. In this case, subgroup and
meta-regression analyses by the predefined criteria were only
performed for the analyses of whole-body BMC (n 10),
whole-body aBMD (n = 10), and height (n = 15) because other
analyses were based on alimited number (n < 10) of RCTs. Because
there was a lack of information on the amounts of baseline protein
intake and protein obtained from dairy supplementation among
the included RCTs, further stratification by these factors could not
be performed. The degree of heterogeneity across the included
RCTs was evaluated using I statistics. The I? values <25%, 25% to
50%, and >50% indicated low, moderate, and high heterogeneity,
respectively [46]. Potential publication bias was evaluated using
Begg’s rank correlation test and Egger’s linear regression [47]. If
publication bias was evident, the trim and fill method was per-
formed to correct the bias [48]. All statistical analyses were per-
formed using STATA software, version 11.0 (StataCorp). All P
values were 2-sided, and the significance level was set at < 0.05.

Results

Literature search

The study selection process with the reasons for exclusion is
presented in Supplemental Figure 1. A total of 5379 publications
were identified during the initial database searches. After duplicate
removal and title/abstract review, 38 publications were retained
for full-text review. The full-text review excluded 17 publications
for various reasons (Supplemental Appendix). Finally, 21 [7-27]
publications were included in the present meta-analysis.

Trial characteristics
The characteristics of the included RCTs are reported in
Supplemental Table 1. BMC and aBMD were measured by Lunar
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[8,10,12,15], Hologic [9,14,23,25], or Norland [13,18,27] DXA.
Nine [8-10,13,15,17,18,24,25] RCTs enrolled only girls, 1 [12]
enrolled only boys, and 11 [7,11,14,16,19-23,26,27] enrolled
boys and girls (but sex-specific analysis was not performed).
Only one trial enrolled children at preschool ages (3-5 y) [16],
whereas the remaining enrolled children at elementary to high
school ages (>7-18 y) [7-15,17-27]. Two RCTs enrolled only
children at nonpubertal age ranges [11,16], 1 [19] enrolled only
prepubertal children (Tanner stage 1), 3 [8,12,24] enrolled only
pubertal children (Tanner stage >2), 8 [9,10,13,15,17,18,23,271]
enrolled prepubertal and pubertal children (Tanner stage >1),
and 7 [7,14,20-22,25,26] enrolled some or all children at pu-
bertal age ranges but did not report the information on puberty
status or stage. The changes in bone health indices were adjusted
for Tanner stages at baseline in several RCTs [13-15,17,18,27],
whereas few other RCTs specifically mentioned that the partic-
ipants were at similar Tanner stage [8,19] or stratified by [9] or
matched [10] by Tanner stages at baseline.

The trial duration was >1 y in 12 [7-11,13-15,17,18,23,24]
RCTs and <1 y in 9 [12,16,19-22,25-27] RCTs. In all RCTs,
participants in the dairy product group were asked to consume
dairy products in addition to their habitual diet. Fifteen [7,9,
11-14,17-22,25-27] RCTs supplemented the participants with
milk, 4 [8,10,23,24] with various dairy products, 1 [15] with
cheese, and 1 [16] with yogurt. Most RCTs asked the control
group participants to continue their habitual diet, whereas a few
RCTs assigned unfortified juice [12] or a placebo [15,22] as
controls. Information on habitual dairy intake was rarely re-
ported. All RCTs did not disclose the amount of protein obtained
from the supplementation. Not all RCTs provided data on the
amount of calcium provided by dairy supplementation intake or
on baseline intakes of calcium, protein, and vitamin D. Among
the RCTs that reported the data, dairy products intake provided
150 to 1723 mg of calcium a day [8-10,12-20,22-25,27];
baseline calcium intake was higher in Western participants
[8-10,12,15,19,23] (ranging from 664-1470 mg/d) than in
Asian participants [13,14,16-18,25,27] (ranging from 150-494
mg/d); baseline intake of protein was relatively adequate
(ranging from 45.8-100.6 g/d) [8-10,12-18,20,23,24], whereas
baseline vitamin D intake was mostly low (<10 pg/d) [8,10,
12-15,17,18,25].

RoB

The RoB assessment is reported in Supplemental Table 2.
Only a few RCTs had adequately disclosed information on
random sequence generation (3 of 21 RCTs) and allocation
concealment (1 of 21 RCTs). Although the trial’s participants,
investigators, and outcome assessors were rarely blinded among
the included RCTs, risk of performance bias and detection bias in
all RCTs was deemed as low because the outcomes were based on
objective measurements (ie, bone mass parameters, bone turn-
over markers, hormones, and height), which were unlikely to be
influenced by the lack of blinding. For incomplete outcome data,
an attrition rate of 20% was used as a cutoff point. The attrition
rates in milk and control groups after the randomization were
<20% (low risk) in 15 RCTs, >20% (high risk) in 1 RCT, and not
reported (unclear risk) in 5 RCTs. Risk of reporting bias in all
RCTs was judged as unclear, as selective outcome reporting
could not be ruled out due to the unavailability of trial protocols.
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With respect to other bias, the potential biasing effect of pu-
berty was assessed. Nineteen [7-10,12-15,17-27] RCTs
included some or all children within or above puberty age
ranges, and the information on Tanner stages was reported in 12
[8-10,12,13,15,17-19,23,24,27] RCTs and not reported in 7 [7,
14,20-22,25,26] RCTs. Among the RCTs that reported the in-
formation on Tanner stages, risk of other bias was low in 9 RCTs
that took Tanner stages into account in their study design (by
restriction [8,19], matching [10], or stratification [9]) or anal-
ysis (by statistical adjustment [13,15,17,18,27]) and high in 3
[12,23,24] RCTs that did not account for Tanner stages in their
study design or analysis. Among the RCTs that did not report the
information on Tanner stages, 1 [14] RCT was considered to
have a low RoB because Tanner stages were taken into account in
its analysis (by statistical adjustment), and 6 [7,20-22,25,26]
RCTs were considered to have an unclear RoB because they did
not consider Tanner stages in their study design or analysis. Two
[11,16] RCTs that did not include children at pubertal ages were
judged to have a low RoB.

Meta-analyses
Bone mineral mass parameters

Main analysis. Compared with controls, dairy supplementation
increased whole-body BMC (25.37 g; 95% CI: 7.50, 43.25 g),
total hip BMC (0.49 g; 95% CI: 0.30, 0.67 g), femoral neck BMC
(0.06 g; 95% CI: 0.01, 0.10 g), and lumbar spine BMC (0.85 g;
95% CI: 0.09, 1.62 g) (Figure 1). Similarly, whole-body aBMD
(0.016 g/cm?; 95% CI: 0.006, 0.025 g/cm?), total hip aBMD
(0.013 g/cmz; 95% CI: 0.000, 0.026 g/cmz), femoral neck
aBMD (0.030 g/cmz; 95% CI: 0.002, 0.058), and lumbar spine
aBMD (0.019 g/cm? 95% CI: 0.004, 0.033 g/cm?) were also
increased with dairy supplementation (Figure 2). No hetero-
geneity (> = 0%) was observed in the analyses of BMC
(regardless of the site) and hip BMD, whereas moderate-to-high
heterogeneity (2 > 44%) was observed in the analyses of other
outcomes. There was no evidence of publication bias for all
outcomes (all P values for Egger’s >0.32; all P values for Begg’s
>0.37).

When expressed as a percentage difference, whole-body BMC
was increased by 3.0%, total hip BMC by 3.3%, femoral neck
BMC by 4.0%, lumbar spine BMC by 4.1%, whole-body aBMD by
1.8%, total hip aBMD by 1.2%, femoral neck aBMD by 1.5%, and
lumbar spine aBMD by 2.6% (Supplemental Figure 2).

Subgroup and meta-regression analyses. A significant increase in
whole-body BMC and aBMD was observed in the participants
with lower baseline calcium intake (<700 mg/d), with a lower
amount of calcium from dairy supplementation (<1000 mg/d),
in the RCTs that were performed in Asian countries (mainly
China), in the RCTs that enrolled only girls, in the RCTs with
longer trial duration (>1 y), and when Tanner stages were
considered in the study design or analysis (Supplemental
Table 3). However, meta-regression analyses did not indicate
sex, geographical region, the mean amounts of baseline calcium
intake and calcium provided by dairy supplementation, trial
duration, and Tanner stages as the sources of heterogeneity and
effect modifiers (all P values for meta-regression >0.16; Sup-
plemental Table 3).
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Study %
WMD (95% Cl) Weight
Whole-body
Chan (1995) [8] -l—.— 118.00 (-22.65, 258.65) 1.61
Cadogan (1997) [9] — 37.00 (-5.82, 79.82) 17.42
Merrilees (2000) [10] —_—— 1.50 (-51.54, 54.54) 11.36
Volek (2003) [12] o 14.00 (-522.24, 550.24)  0.11
Du (2004) [13] 41.60 (-19.01, 102.21) 8.70
Lau (2004) [14] — 21.00 (-18.32, 60.32) 20.66
Cheng (2005) [15] T 27.70 (-81.59, 136.99) 2.67
Zhu (2006) [18] 46.60 (3.59, 89.61) 17.27
Cohen (2017) [23] - 0.00 (-41.69, 41.69) 18.38
Lu (2019) [27] —— 5.00 (-127.54, 137.54) 1.82
Overall (l-squared = 0.0%, p = 0.788) ’O 25.37 (7.50, 43.25) 100.00
Total hip
Lau (2004) [14] L 4 0.49 (0.31, 0.67) 98.67
Cheng (2005) [15] L 4 0.30(-1.28, 1.88) 1.33
Overall (I-squared = 0.0%, p = 0.815) 0.49 (0.30, 0.67) 100.00
Femoral neck
Merrilees (2000) [10] L 4 0.06 (-0.06, 0.18) 14.06
Lau (2004) [14] L 4 0.05 (-0.00, 0.10) 77.26
Cheng (2005) [15] L 4 0.12(-0.04, 0.28) 8.68
Overall (I-squared = 0.0%, p = 0.709) 0.06 (0.01, 0.10) 100.00
Lumbar spine
Merrilees (2000) [10] L 4 1.25(0.01, 2.49) 38.11
Volek (2003) [12] — 6.00 (-40.27, 52.27) 0.03
Lau (2004) [14] L 4 0.60 (-0.48, 1.68) 50.25
Cheng (2005) [15] * 0.80 (-1.69, 3.29) 9.42
Cohen (2017) [23] ® 0.00 (-5.15, 5.15) 2.20
Overall (I-squared = 0.0%, p = 0.943) 0.85(0.09, 1.62) 100.00
I I I I I I I
-600 -400 -200 0 200 400 600

FIGURE 1. The weighted mean difference (WMD) (95% CI) in bone mineral content between dairy product and control groups in children/

adolescents. All data are expressed in g.

Height

Main analysis. Children in the dairy group had a larger increase
in height (0.21 cm; 95% CI: 0.09, 0.34 cm) than those in the
control group (Figure 3), with no heterogeneity (I? = 0%). There
was no indication of publication bias (all P Egger’s >0.88; all P
Begg’s >0.59).

Subgroup and meta-regression analyses. The increase in height
was only significant in the participants with higher mean cal-
cium intake at baseline (>700 mg/d), with a lower mean amount
of calcium from dairy supplementation (<1000 mg/d), in the
RCTs that were performed in Asian countries (mainly China), in
the RCTs that enrolled both sexes, in the RCTs with longer trial
duration (>1 y), and when Tanner stages were not considered in
the study design or analysis (Supplemental Table 3). However,
meta-regression analyses revealed that sex, geographical region,
the mean amounts of baseline calcium intake and calcium pro-
vided by dairy supplementation, trial duration, and Tanner
stages were not significant effect modifiers of the effect of dairy
supplementation on height (Supplemental Table 3).

Biochemistry
The difference in the concentrations of serum osteocalcin
(6.89 ng/mL; 95% CI: —3.08, 16.86 ng/mL), BALP (—3.35 pg/L;
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95% CI: —11.22, 4.51 pg/L), and CTx (0.12 ng/mL; 95% CL:
—0.13, 0.36 ng/mL) between the dairy and control groups was
not significant (Figure 4). The dairy group had a greater increase
in serum IGF-I concentrations (19.89 nmol/L; 95% CI: 7.14,
32.64 nmol/L) and greater reductions in concentrations of uri-
nary Dpd (—1.78 nmol/mmol creatinine; 95% CI: —3.34, —0.21
nmol/mmol creatinine) and serum PTH (—10.46 pg/mL; 95% CI:
—20.09, —0.82 pg/mL) than the control group (Figure 4). Serum
25(0OH)D concentrations (4.98 ng/mlL; 95% CI: 1.29, 8.68 ng/
mlL; Figure 4) were higher in the vitamin D-fortified dairy group
than in the control group. Low heterogeneity was observed in the
analyses of Dpd and Ctx P < 17.3%), whereas high heteroge-
neity was evident in the analyses of other outcomes (1% > 72.5%).

Certainty of the evidence

The certainty of the evidence was high for height and whole-
body BMC and aBMD, moderate for total hip aBMD, lumbar
spine BMC and aBMD, BALP, Dpd, PTH, 25(0OH)D, and IGF-I, and
low for other outcomes (Supplemental Table 4).

Discussion

Summary of primary findings
The present meta-analysis of published RCTs suggests that
dairy supplementation increased all the investigated bone
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Study

Whole-body
Cadogan (1997) [9]
Merrilees (2000) [10]
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%

Volek (2003) [12]
Du (2004) [13]
Lau (2004) [14]
Cheng (2005) [15]
Zhu (2006) [18]
Cohen (2017) [23]
Ikedo (2018) [25]
Lu (2019) [27]
Overall (I-squared = 44.0%, p = 0.066)

Total hip

Lau (2004) [14]

Cheng (2005) [15]

Lu (2019) [27]

Overall (I-squared = 0.0%, p = 0.714)

Femoral neck

Merrilees (2000) [10]

Lau (2004) [14]

Cheng (2005) [15]

Overall (I-squared =76.7%, p = 0.014)

Lumbar spine

Chan (1995) [8]

Merrilees (2000) [10]

Volek (2003) [12]

Lau (2004) [14]

Cheng (2005) [15]

Cohen (2017) [23]

Ikedo (2018) [25]

Lu (2019) [27]

Overall (l-squared =45.1%, p = 0.078)

WMD (95% Cl) Weight
0.010 (0.000, 0.020) 22.46
0.010 (-0.095, 0.115) 0.75
9.014 (-0.564, 0.592) 0.03
0.034 (0.016, 0.052) 14.15
0.006 (-0.005, 0.017) 21.74
0.010 (-0.034, 0.054) 3.78
0.030 (0.018, 0.042) 20.51
0.012 (-0.020, 0.044) 6.64

-0.003 (-0.047, 0.041) 3.87
0.000 (-0.033, 0.033) 6.08
0.016 (0.006, 0.025) 100.00
0.010 (-0.006, 0.026) 64.28
0.020 (-0.002, 0.042) 32.49

-0.001 (-0.071, 0.069) 3.23
0.013 (0.000, 0.026) 100.00
0.050 (0.031, 0.069) 36.74
0.010 (-0.008, 0.028) 37.43
0.030 (-0.006, 0.066) 25.84
0.030 (0.002, 0.058) 100.00
0.070 (0.025, 0.115) 7.99
0.020 (0.001, 0.039) 22.14
0.002 (-0.103, 0.107) 1.81
0.030 (0.019, 0.041) 29.36
0.010 (-0.030, 0.050 9.62

-0.006 (-0.052, 0.040) 7.85

-0.001 (-0.072, 0.070) 3.79

-0.003 (-0.028, 0.022) 17.43
0.019 (0.004, 0.033) 100.00

I
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FIGURE 2. The weighted mean difference (WMD) (95% CI) in bone mineral density between dairy product and control groups in children/

adolescents. All data are expressed in g/cm?.

mineral mass parameters, height, and IGF-I concentrations and
reduced the concentrations of Dpd and PTH in children/adoles-
cents. The reduction in bone resorption marker Dpd without
affecting bone formation markers and the reduction in PTH
concentrations are excellent evidence of the beneficial effect of
increased calcium intake in preventing PTH-induced bone loss
(resorption) due to inadequate calcium intake [49]. The increase
in concentrations of IGF-I, a growth hormone important in
muscle mass maintenance, skeletal growth, and bone mass
acquisition, is consistent with the anabolic effect of protein
ingestion [49-51]. Improved vitamin D status (reflected by
increased 25[OH]D concentrations) aligns with the increased
vitamin D intake from vitamin D-fortified dairy products and
allows optimal calcium absorption [49,52].

To the best of our knowledge, this is the first meta-analysis to
report the effects of dairy supplementation on various bone
health indices in children and adolescents. A previous meta-
analysis [28] that pooled 9 RCTs on calcium supplementation
and 4 on dairy supplementation (3 [9,13,14] of which were
eligible for the present meta-analysis) together in a single anal-
ysis showed a null effect of the combined supplementation on
whole-body BMC in children. However, a significant increase in
whole-body BMC was observed in the RCTs [9,13,14] that
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enrolled participants with lower baseline calcium intake,
possibly because calcium functions as a threshold nutrient,
meaning that bone mass increases as calcium intake increases up
to the putative threshold, above which excess calcium is excreted
rather than contributing to bone mass [53]. We found that the
increase in whole-body BMC and aBMD was only significant
when the mean calcium intake at baseline was lower (<700
mg/d) but not higher (>700 mg/d), which agreed with the
previous meta-analysis. Interestingly, whole-body BMC and
aBMD were only significantly increased in Asian RCTs, but not
Western ones, and baseline calcium intake was typically higher
in the latter than in the former. Furthermore, the skeletal
response to dairy supplementation appeared to depend on
baseline calcium intake rather than the amount of calcium pro-
vided by dairy supplementation. In this case, we found that
lower (<1000 mg/d) but not higher (>1000 mg/d) doses of
calcium supplementation significantly increased whole-body
BMC and aBMD. Further review of the individual RCTs
included in both subgroups revealed that baseline calcium intake
was relatively high in the RCTs with a higher dose of calcium and
low in those with a lower dose of calcium. It should be
acknowledged that although the subgroup findings by the
amounts of baseline calcium intake and calcium provided by
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WMD (95% Cl) Weight
[

Baker (1980) [7] - 0.28 (-0.01, 0.57) 18.46
Chan (1995) [8] : 0.40(-2.93,3.73) 0.14
Cadogan (1997) [9] i 0.70 (-2.40, 3.80) 0.16
Merrilees (2000) [10] : -0.30 (-2.65, 2.05) 0.28

[}
Grillenberger (2003) [11] - 0.34 (-0.52,1.20) 2.09
Du (2004) [13] —-i—‘— 1.00 (-0.65, 2.65) 0.56
Lau (2004) [14] — 0.10 (-1.63, 1.83) 0.52

I
Cheng (2005) [15] - 0.40(-3.11,3.91) 0.12
He (2005) [16] - 0.19 (0.04,0.34) 65.96
Zhu (2006) [18] —r|—°— 0.90 (-0.49, 2.29) 0.80

|
Albala (2008) [19] - 0.11 (-0.30, 0.52) 8.97
Lien (2009) [20] —-5-0— 0.40 (-0.83, 1.63) 1.02
Rahmani (2011) [21] E -0.30 (-2.22, 1.62) 0.42
Lappe (2017) [24] q 0.10 (-1.85, 2.05) 0.40

I
Ikedo (2018) [25] : -0.20 (-4.25, 3.85) 0.09
Overall (I-squared = 0.0%, p = 0.999) Q 0.21 (0.09, 0.34)  100.00

i
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FIGURE 3. The weighted mean difference (WMD) (95% CI) in height between dairy product and control groups in children/adolescents. All data

are expressed in cm.

dairy supplementation and geographical region provided a
crude indication of the potential threshold effect of calcium,
meta-regression analyses did not indicate these factors as sig-
nificant effect modifiers. Moreover, the increase in height was
only significant when the mean calcium intake at baseline was
higher (>700 mg/d) but not lower (<700 mg/d), which did not
agree with the potential threshold effect of calcium. Further
clarification on the potential effect modification by calcium
intake is warranted.

Adequate calcium intake throughout the lifespan is rec-
ommended to maximize peak bone mass during growth,
maintain peak bone mass during adulthood, and prevent age-
or menopause-related bone loss during older age [1,54].
Although dairy supplementation improved bone mineral mass
parameters in children/adolescents, the magnitude of the
improvement was very small. Therefore, it remains unknown
whether such a small improvement in bone mass parameters
could prevent fracture. The findings of observational studies
on the association between dairy/milk consumption and risk
of fracture in children/adolescents have been inconsistent,
with some [55-57] suggesting that milk consumption is not
associated with risk of fracture and others suggesting that milk
avoidance [58-60] or low milk consumption [61,62] is asso-
ciated with a higher risk of fracture. Despite the uncertainty of
whether the observed positive effects on bone mass parameters
confer a lower fracture risk, some [63-65], but not all [66],
observational studies indicated the potential long-term skel-
etal benefits of dairy consumption during earlier life. Although
several RCTs [67-69] found that the beneficial effects of cal-
cium or milk supplementation on bone mass parameters were
sustained after the supplementation was discontinued, others
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[17,70,71] did not find such sustained effects. Notably, dietary
calcium intake was maintained at postsupplemented levels
after the discontinuation of supplementation in the RCTs that
demonstrated sustained effects. By comparison, dietary cal-
cium intake was returned to presupplemented levels after the
discontinuation of supplementation in the RCTs that showed
transient effects.

The present meta-analysis was subject to some caveats that
warrant cautious interpretation. First, although the favorable
effects of dairy supplementation on bone mass parameters were
statistically significant, the effects appeared small in magnitude
and were of subtle clinical significance. Therefore, more evi-
dence is needed to substantiate our encouraging findings. Sec-
ond, only limited RCTs were available for each outcome. Even
for the outcomes with the most trials, only 10 RCTs were avail-
able. The limited number of RCTs included in each analysis
hampered the robustness of the overall findings and the ability to
fully evaluate the potential source of heterogeneity and effect
modifiers through comprehensive subgroup and meta-regression
analyses. Finally, although we did not find any evidence of
publication bias, the assessment of publication bias is often un-
derpowered when less than 10 RCTs are included in a single
analysis. Therefore, publication bias could still have existed for
the outcomes with less than 10 RCTs. The present findings could
have been seriously affected if RCTs with null or unfavorable
results were not published.

In summary, dairy supplementation during growth leads to a
small but significant increase in bone mineral mass parameters,
and these findings are generally supported by the changes in
several biochemical parameters related to bone health. Large,
long-term multicenter RCTs are warranted to investigate
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WMD (95% Cl) Weight
Osteocalcin
Cadogan (1997) [9] 6.00 (-10.32, 22.32) 18.24
Zhu (2005) [17] ———— -2.57 (-10.75, 5.61) 28.78
Neyestani (2014) [22] —_—— 16.70 (8.79, 24.61) 29.15
Cohen (2017) [23] ————— 7.00 (-4.78, 18.78) 23.82
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Dpd
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Overall (I-squared = 17.3%, p = 0.271) Lol -1.78 (-3.34, -0.21) 100.00
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Ikedo (2018) [25] [ 4 0.11 (-0.14, 0.36) 98.60
Overall (I-squared =0.0%, p =0.712) ] 0.12 (-0.13, 0.36) 100.00
Parathyroid hormone
Cadogan (1997) [9] T 3.40 (-0.70, 7.50) 17.58
Du (2004) [13] ————— -24.90 (-36.05, -13.75)  14.60
Zhu (2005) [17] — -18.16 (-24.46,-11.86) 16.85
Neyestani (2014) [22] —— -21.80 (-27.49, -16.11)  17.07
Ikedo (2018) [25] —_— -1.14 (-7.87, 5.59) 16.68
Lu (2019) [27] —— -2.60 (-7.88, 2.68) 17.22
Overall (I-squared = 93.6%, p = 0.000) e -10.46 (-20.09, -0.82) 100.00
25(0OH)D
Du (2004) [13] - 10.70 (9.06, 12.34) 18.67
Neyestani (2014) [22] - 9.80 (6.57, 13.03) 16.89
Cohen (2017) [23] —— e 3.00 (-6.21, 12.21) 8.80
Ikedo (2018) [25] - 2.59 (-0.04, 5.22) 17.65
Al-Daghri (2019) [26] * 1.80 (0.85, 2.75) 19.14
Lu (2019) [27] - 1.39 (-0.04, 2.82) 18.84
Overall (I-squared = 95.4%, p = 0.000) L 4.98 (1.29, 8.68) 100.00
IGF-1
Cadogan (1997) [9] —_— 9.00 (1.27, 16.73) 32.61
Zhu (2005) [17] b 15.00 (12.22, 17.78) 36.42
Lu (2019) [27] — e 37.10 (27.81, 46.39) 30.97
Overall (I-squared =91.5%, p = 0.000) _ 19.89 (7.14, 32.64) 100.00
[ [ [ [
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FIGURE 4. The weighted mean difference (WMD) (95% CI) in the concentrations of osteocalcin, bone alkaline phosphatase (BALP), deoxypyr-
idinoline (Dpd), C-terminal telopeptide of type 1 collagen (CTx), parathyroid hormone, 25-hydroxyvitamin D (25(OH)D), and IGF-I between dairy
product and control group in children/adolescents. The data are expressed in ng/mL for osteocalcin, CTx, and 25(OH)D; ng/L for BALP; nmol/
mmol creatinine for Dpd; pg/mL for parathyroid hormone; and nmol/L for IGF-I.

whether the effects of dairy supplementation on bone health
indices differ according to relevant factors that could modify the
supplementation effects (eg, race/ethnicity, calcium intake,
protein intake, vitamin D status).
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