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Abstract

We undertook a systematic review and meta-analysis of published papers assessing dietary protein and bone health. We found
little benefit of increasing protein intake for bone health in healthy adults but no indication of any detrimental effect, at least
within the protein intakes of the populations studied. This systematic review and meta-analysis analysed the relationship between
dietary protein and bone health across the life-course. The PubMed database was searched for all relevant human studies from the
Ist January 1976 to 22nd January 2016, including all bone outcomes except calcium metabolism. The searches identified 127
papers for inclusion, including 74 correlational studies, 23 fracture or osteoporosis risk studies and 30 supplementation trials.
Protein intake accounted for 0-4% of areal BMC and areal BMD variance in adults and 0—-14% of areal BMC variance in children
and adolescents. However, when confounder adjusted (5 studies) adult lumbar spine and femoral neck BMD associations were
not statistically significant. There was no association between protein intake and relative risk (RR) of osteoporotic fractures for
total (RR random)=0.94; 0.72 to 1.23, > =32%), animal (RR (random) = 0.98; 0.76 to 1.27, > =46%) or vegetable protein (RR
(fixed) = 0.97 (0.89 to 1.09, I? = 15%). In total protein supplementation studies, pooled effect sizes were not statistically significant
for LSBMD (total 7 =255, MDgyeq) = 0.04 g/cm* (0.00 to 0.08, P=0.07), I* = 0%) or FNBMD (total 7 =435, MD andom) =
0.01 g/em?® (—0.03 to 0.05, P=0.59), I> = 68%). There appears to be little benefit of increasing protein intake for bone health in
healthy adults but there is also clearly no indication of any detrimental effect, at least within the protein intakes of the populations
studied (around 0.8-1.3 g/Kg/day). More studies are urgently required on the association between protein intake and bone health
in children and adolescents.
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Introduction unclear as to whether dietary protein exerts a positive or
detrimental influence on bone and there are competing
theories as to the effects of dietary protein on bone health.

Proponents of a positive link between protein intake and

The association between dietary protein intake and bone
health has been debated worldwide for decades. It is
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bone health cite the known anabolic effects of dietary pro-
tein on bone, via dietary protein’s known ability to in-
crease secretion of insulin-like growth factor 1 (IGF-1).
Dietary protein may also increase calcium absorption from
the gut [1], which is likely to be beneficial for bone
mineralisation.

On the other hand, proponents of a detrimental associa-
tion between protein intake and bone argue that high pro-
tein intakes may be bad for bone health. This is on the basis
of known in vitro increased osteoclast activity with in-
creasing body acidity [2] and predicted subsequent bone
demineralisation. However, it is important to consider die-
tary protein type as only proteins that are rich in sulphur
amino acids are likely to increase net physiological acid
production. Also, protein is consumed in the diet with oth-
er components which may modify the overall net acid con-
centration (e.g. fruits and vegetables which have an
alkalizing effect, soy isoflavones which have estrogenic
effects, and dairy products which contain calcium). These
nutrients may modify the association between protein in-
take and bone health [3, 4].

A previous systematic review and meta-analysis pub-
lished in 2009, covering published papers from January
1966 to July 2008 [5], showed a small beneficial effect of
dietary protein supplementation on areal bone mineral den-
sity (aBMD) in human adults, as well as showing that
nearly all published cross-sectional studies demonstrate a
positive association between dietary protein intake and
bone health. However, there was no association between
dietary protein intake and fracture risk in cohort studies,
and much of the findings of the cross-sectional studies may
be due to inadequate controlling for confounding factors.
Also, the previous systematic review and meta-analysis did
not assess dietary protein and bone health in children and
adolescents, which is an important area of research due to
the known importance of obtaining peak bone mass at this
time of life.

Since the publication of the dietary protein and bone health
systematic review and meta-analysis in 2009 [5] the number
of relevant articles on the topic of dietary protein and bone
health has doubled. This highlights the need for an updated
systematic review of this topic, including consideration of
peak bone mass development in children and adolescents, as
well as bone health in adults. Further systematic reviews have
been conducted on the topic since 2009 [6—-10], but none to
date have included all study designs (cross-sectional,
longitudinal and randomised control trials) and included both
adults and children. Our objective was to perform a systematic
review and meta-analysis of the evidence published over the
last 40 years assessing dietary protein intake and all indices of
bone health across the human life-course, including all rele-
vant observational and intervention studies examining intakes
of all types of protein.
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Materials and methods
Search strategy

The PUBMED databases, as well as reference lists of relevant
journal papers, were searched to ensure broad coverage. The
search phrase used for the electronic search was “(protein
intake OR dietary protein OR protein supplement OR protein
consumption) AND (bone OR fracture OR BMD OR bone
turnover)” limited to human studies, in any language, from
Ist January 1976 to 22nd January 2016. Two of the authors
(ALD, SLN) identified potential studies for inclusion by first
screening titles and abstracts, and then looking at the full ver-
sion of papers if necessary. Any disagreements were resolved
by consensus and deferred to a third party if required.

Study design and criteria

Papers assessing relevant bone outcomes (specifically BMD
or BMC, bone turnover markers and/or fracture risk) in
healthy human adults, adolescents or children were consid-
ered for inclusion. Studies investigating subjects with a pre-
existing medical condition affecting bone or calcium metabo-
lism, or studying animals, infants, and pregnant or lactating
women were excluded as were studies involving only calcium
balance or calcium metabolism.

All cross-sectional, longitudinal and intervention studies
were eligible for inclusion, including intervention studies of
any design. However, due to problems of statistically combin-
ing crossover and parallel intervention designs, crossover
studies were not included in the meta-analysis and were
discussed in the systematic review only. Studies were exclud-
ed if they were published before 1975, were weight loss stud-
ies, did not have usable protein or bone data, were not on the
relevant topic, were review articles or correspondence, or only
had data on dietary patterns. They were also excluded if they
had confounders present in the central study design (e.g. dif-
fering exercise levels in the intervention and control groups as
part of the intervention, for example protein and exercise as
intervention vs. no protein and exercise). All bone sites in the
body were eligible for inclusion in the review, as were all
markers of bone metabolism.

Soy protein studies were excluded if they did not have data
on isoflavone devoid soy protein isolate. Studies on whole
dietary measures (e.g. meat intake, frequency of high protein
meals) were also excluded due to the confounding potential of
other dietary constituents (such as isoflavones in soy protein;
fat or iron in meat). However, whole diet intervention studies
were included as long as the nutritional contents of the diets
were shown in the paper and the diets had been designed to
minimise the impact of confounders (e.g. ensuring high and
low protein diets were isocaloric, similar in dietary calcium
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etc.). No ethical approval was required as the analysis was
conducted only on already published data.

Data synthesis

See Online Resource for full details of the data extraction
process. In the meta-analyses, two sided tests with an alpha
value of 5% were used, and Bonferroni adjustment for multi-
ple testing was applied when necessary.

The systematic review included all eligible studies, but
only studies with data suitable for meta-analysis were
analysed quantitatively. The R software (version 3.1.2) [11]
add-on packages ‘metacor’ [12], ‘meta’ [13], ‘metafor’ [14]
and ‘metagen’ [15] were used to pool correlation coefficients,
intervention and fracture risk data for meta-analysis, as well as
creating all plots. For cross-sectional and longitudinal data,
multivariate adjusted analyses were used wherever possible,
rather than unadjusted or age adjusted measures. Linear and
non-linear modelling was undertaken to assess whether there
was an association between correlation coefficients or actual
BMD values with the following: calcium: protein ratio (mg/g/
day); protein dose (g/kg/day) and calcium dose (mg/kg/day).

It was planned a priori to run a combined analysis of hip
and non-hip fracture data as all fracture outcome first, then a
subsequent analysis of hip fracture data only. Unfortunately
the calcium: protein ratios (calcium mg/protein g) in the frac-
ture risk studies were too constant (10-12 mg/g/day) to be
able to perform an assessment of calcium: protein ratio vs.
fracture risk. Also, there were too few studies within the same
protein type to be able to plot protein or calcium dose against
fracture risk.

The intervention trials meta-analysis examined the main
effects of protein supplementation (all protein types but ex-
cluding studies specifically looking at soy protein isolate and
milk basic protein (MBP)) on BMD, BMC and bone turnover
markers, based on mean differences. The decision was made a
priori to also perform a separate analysis for MBP trials as this
type of protein is highly concentrated and is supplemented in
very high doses. Similarly, experience from the previous
meta-analysis suggested that soy protein studies need to be
analysed separately than non-soy studies, as soy studies usu-
ally assess the effect of soy protein vs. another protein type
(hence the actual protein intake is the same, just different
protein type). Conversely, studies of mixed protein supple-
mentation usually compare higher with lower doses of protein
(or have another type of control, e.g. maltodextrin); hence, the
protein intake varies in each arm of the study.

Finally, due to the differences in skeletal biology between
early life and in older age, as well as differences in nutritional
requirements, children and adults were analysed separately in
all meta-analyses. Also, all adult groups were broken down
into gender and life stage specific analyses wherever there was

enough data to do so. Only for the cross-sectional studies were
there enough data to perform a meta-analysis in children.

Heterogeneity, sensitivity and publication
bias—meta-analysis

It was pre-specified that the I? statistic was to be used to assess
heterogeneity between studies as this is recommended for
analyses with smaller numbers of studies [16]. I* values of
25%, 50% and 75% were considered low, moderate and high,
respectively [16]. Random-effects (heterogeneous compari-
sons) and fixed effects (homogenous comparisons) models
were used accordingly, with the decision based on size of I?
(%), rather than the P(neierogenityy value from the Q test, as
number of studies in the meta-analyses were predicted to be
small. It was also pre-specified that funnel plots were used to
assess possible biases in meta-analyses containing 10 or more
studies [17]. Sensitivity analyses were also planned to assess
the impact of removal of each study in turn on the pooled
effect size.

Quality analysis

Intervention study quality analysis was undertaken at the
study level. This was conducted independently by 2 authors
(AD, SLN) using the Jadad Scale [18]. Due to the extensive
number of observational studies, only one author (AD)
assessed quality for these papers, using the Newcastle-
Ottawa adapted scales [19] for cohort and case-control study
designs as appropriate. Cross-sectional studies were not
assessed for study quality due to the very large number of
papers included in the review. For all study types, due to the
small predicted numbers of potential studies for the fracture
and intervention study meta-analyses, we decided a priori that
the quality analysis information was to be used to guide result
interpretation rather than to exclude studies per se.

Results

Figure 1 shows the Quality of Reporting of Meta-analyses
(QUOROM) flow diagram [20] illustrating the search and
selection process. The systematic review included 127 studies,
including 74 studies reporting correlation or regression coef-
ficients (Table 1). These included either just cross-sectional
data (55 studies), just longitudinal change data (4 studies) or
both (9 studies). These also included 2 studies reporting both
longitudinal change in BMD data and fracture data and 4
studies reporting cross-sectional data and odds of low BMD
or osteoporosis diagnosis (Table 2). In addition, there were 23
studies reporting only fracture or osteoporosis risk (Table 3),
and 30 intervention studies (Table 4). Due to the extensive
number of studies to be discussed here, see the Online
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Resource for the systematic review and the study quality
assessments.

Pooling of studies reporting correlation or regression
coefficients

By population subgroup

See Table 1 (and Online Resource Table S1) for details of the
studies reporting correlation or regression coefficients. Of
these 74 studies, 30 studies in adults [23, 29, 33-35, 37, 40,
43, 44, 40, 48, 50, 54, 58, 60-62, 64, 67, 71, 72, 74, 76, 77,
80-82, 85, 86, 89] and 5 studies in children [26, 31, 38, 53,
59] gave cross-sectional R correlation coefficients suitable for
pooling. Of note, only 5 of these studies [29, 34, 35, 49, 62]
reported adjusted data, so the majority (n=30) were non-
adjusted for confounders. When pooling by population sub-
group, the R? values suggested that < 1-8% of adult bone
BMD or BMC (depending on age and biological sex) as well
as 10% of child BMC was explained by protein intake (Online

@ Springer

Resource Tables S2-S3, Online Resource Material Text).
Heterogeneity was highly variable with values ranging from
0 to 74% depending on population subgroup.

By bone parameter

For adults, Online Resource Figs. 1 and 2 illustrate the pooled
effect size for FNBMD and LSBMD. FNBMD (total n =
4786) showed r (fixea) =0.07 (0.04 to 0.09) R?=0.005
(0.5%) P<0.0001, I =26% P (heterogenityy = 0-15. LSBMD (to-
tal n.=4257) showed 1 (random) = 0.09 (0.04 to 0.14) R*=0.008
(0.8%) P<0.001, I* =58% P heterogenity) = 0.001. Of note,
when only studies reporting multivariate adjusted data were
shown, the pooled effect sizes for FNBMD (total n=1169, r
(random) = 0.04 (=0.05 to 0.12) R*=0.0016 (0.2%) P=0.37,
> =45% P heterogenity) = 0.14), and for LSBMD (total n =
728, T (fixea) = 0.0 (=0.07 t0 0.07), R*=0 (0%) P=0.97, I* =
0% P (neterogenity) = 0.61) were no longer statistically signifi-
cant. Other bone outcomes ranged in R? value from 0 to
10% (including unadjusted data). See Online Resource
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Material for full results of pooling for other bone sites in
adults. Heterogeneity was highly variable with values ranging
from 0 to 94% depending on adult bone site.

In children and adolescents, the R? values suggested
that 0-14% of child/adolescent BMC and 21% child/
adolescent total body bone area (TBBA) were explained
by protein intake (all unadjusted data). Heterogeneity was
0% (A1l BMC and total body bone mineral content
(TBBMC)), 79% (TBBA) and 87% total body bone min-
eral density (TBBMD)). See Online Resource Material for
further details of all the above correlational analyses in-
cluding sensitivity analyses and funnel plots, as well as
associations with protein and calcium dose, and calcium:
protein ratio (Online Resource Table S4).

Fracture risk meta-analysis

See Table 3 and Online Resource Table S5 for details of all
studies presenting fracture or osteoporosis risk data. Of 29
studies (6 of which have already appeared in correlational
section of review), 5 studies were pooled in the meta-
analysis for cohort studies assessing relative risk of fracture
[96, 97, 100, 102, 103] (Fig. 2), all of which provided mul-
tivariate adjusted risk estimates. No statistically significant
association was found between total protein intake and rel-
ative risk (RR) of all fractures (RR (;andom)=0.94 (0.72 to
1.23, P=0.55 n=4 studies, I’ = 32% P(cterogenity) = 0-30).
Similar results were seen for animal protein intake,
RR(random)=0.98 (0.76 to 1.27, P=0.87, n=4 studies,
> =46% P heterogenity) = 0.13) and vegetable protein intake:
RR (fixea) = 0.97 (0.89 to 1.09, P=0.61, n =3 studies, I* =
15% P (heterogenity) = 0.31). For three cohort studies reporting
hazard ratios (HR) (Online Resource Fig. S3) [63, 101,
104], no significant association was found between total
protein intake and HR for all fractures (HR (random)=0.82
(0.59 to 1.14, P=0.24), n=4 studies (5 data points as 2
studies had independent subgroups which can both be en-
tered), I> =35% P (heterogenity) = 0.19). Of note, removal of
the Sahni (Low calcium) data [104] led to a reduced risk
of fracture with increased protein intake (HR (fixed) =
0.79 (0.64 to 0.97, P=0.02), n=4 studies, I =0%
P(heterogenity) = 0.66), which would be of borderline sta-
tistical significance after adjustment for multiple testing
(using a cut-off of 0.02 for 3 fracture meta-analyses). For
three case-control studies reporting odds ratio (OR) for frac-
ture [111, 112, 117] (Online Resource Fig. S4), there was no
significant association between total protein intake and
odds of fracture: (OR (random)=10.69 (0.30 to 1.58, P=
0.38), n =4 studies (4 data points as 1 study had indepen-
dent subgroups which can both be entered) I> = 65%
P (heterogenity) = 0.03). See Online Resource Material for de-
tails of relevant sensitivity analyses.

Intervention studies meta-analysis

Thirty papers were intervention studies (Table 4, Online
Resource Table S6). See Online Resource Material for details
of study quality assessment for these studies as well as sys-
tematic review of intervention studies.

Meta-analysis—summary of included studies

Nine of the 30 intervention studies [118, 120, 130, 132, 140, 142,
143, 145, 146] were suitable for meta-analysis. The other 20
studies were excluded due to missing data [144], cross over
design study with no report of data prior to crossover [1, 122,
126, 127, 129, 131, 136, 138, 139], and not having data that is
compatible with other studies to allow meta-analysis [121,
123-125, 133-135, 141], being a food-based intervention [12§]
or presenting data for change in bone indices only [119, 137].

Total protein intake

The pooled effect size for protein supplementation on
LSBMD [132, 140] showed no statistically significant effect
(P=0.07) (total n =255, MDgxeq) = 0.04 (0.00 to 0.08, P=
0.07), > =0% P heterogenity) = 0.47; Online Resource Fig. S5)
Equivalent data for FNBMD (3 studies) [132, 140, 145], were
also not statistically significant (total 7» =435, MDandom) =
0.01 (—0.03 to 0.05, P=0.59) I* =68% Pheterogenity) = 0.04)
(Online Resource Fig. S6).

MBP and soy protein

For MBP studies, comparing MBP supplementation with a
nutrient matched drink [120, 142] or no control [146], the
pooled effects sizes were as follows: LSBMD Mean
Difference (MD)(fixeqy = 0.02 (0.00-0.04, P=0.08), I’ =0%
P (heterogenity) = 0.87, 3 studies) (Online Resource Fig. S7).
For soy protein studies no statistically significant effect was
found for LSBMD (MD (1andom)=—0.01 (= 0.07 to 0.06, P =
0.82), I = 51% P(neterogenity) = 0-13), FNBMD (MD (sandom) =
0.01 (—0.06 to 0.07, P=0.87), I* =74% P (heterogenity) = 0.05)
or BAP (MD (angom) = —1.75 (= 10.50 to 7.01, P=0.70), I* =
91% P (heterogenity) = 0.0009). There were not enough studies
with compatible data to assess any other bone sites or bone
markers for soy protein or MBP supplementation.

Overall heterogeneity was low for the influence of MBP on
LSBMD at I =0% but high for soy protein LSBMD,
FNBMD and BAP (I =51%, 71% and 91% respectively).
For both MBP and soy protein sensitivity analyses showed
that removal of each study in turn had no effect on the pooled
effect sizes (see Online Resource Material). The results for the
soy and MBP subgroup analyses are unlikely to remain statis-
tically significant after Bonferroni adjustment for multiple
testing.

@ Springer
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Discussion

This systematic review and meta-analysis reviewed evidence,
published over the last 40 years, assessing the association
between dietary protein and bone health across the life-course.
Dietary protein intake explained 0 to 4% of adult BMD, BMC
and bone markers, as well as 0—-14% of child/adolescent BMC
and 21% child/adolescent TBBA. However, when only stud-
ies adjusted for confounders (5 studies) were included in the
adult analyses for FNBMD and LSBMD these effects did not
remain statistically significant, suggesting the effect sizes seen
could be caused by potential confounding. The larger pooled
effect sizes for the children and adolescents suggest a stronger
relationship between protein and bone health at this life stage
than in later life. Indeed, nutritional requirements for skeletal
growth in childhood and adolescence are different to those for
reducing senescence related bone loss, as the cellular mecha-
nisms involved differ at these two life stages. Protein intake
may have a strong relationship with bone health in childhood

@ Springer
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due to the involvement of amino acids in endochondral ossi-
fication during bone growth. However, this finding of a stron-
ger association between protein intake and bone health in
children may also be an artefact of the smaller number of
participants included in the pooled effect sizes in the child
and adolescent analyses compared with adults.

In adults, neither calcium: protein ratio [calcium (mg)/pro-
tein (g/day)] nor protein (g/kg/day) or calcium (mg/kg/day)
dose was associated with strength of effect for the association
between protein intake and bone health. As seen in the previ-
ous 2009 systematic review and meta-analysis, there was no
association between dietary protein intake and fracture risk in
cohort and case-control studies, for total protein, animal or
vegetable protein. In intervention studies, no statistically sig-
nificant effects of total protein supplementation (excluding
MBP and soy protein) were seen for FNBMD and LSBMD,
or for higher vs. lower soy protein supplementation.

The lack of an effect of dietary protein on bone seen in the
above fracture risk and supplementation trials may be for a
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variety of reasons. It could be that the opposing anabolic and
catabolic actions of dietary protein cancel each other out to
some extent. Alternatively dietary protein, at the protein in-
takes seen in the populations in this review, may not affect
bone health and it may be that there is a small window where-
by very low protein intakes are detrimental to bone, due to low
IGF-1 production and dietary calcium absorption from the gut.
Few studies in the review contained populations with low
population intakes, with most studies reporting intakes of over
0. 75 g/Kg/day—0. 84 g/Kg/day which is considered adequate
by western countries such as Australia [147], Europe [148]
and the USA [149]. Some studies that contained older people
or Buddhist Nuns had intakes nearer to, or slightly lower than,
0.75 g/Kg/day [41, 51, 75, 112, 137]. Twelve of the trials had
no baseline protein intake data which makes it difficult to fully
assess the degree of sufficiency. However, observational stud-
ies included this information with only one observational
study not reporting overall protein intake [77]. In only 2 of
the childhood studies was there a deficient protein intake [38,
134], and these were studies of malnourished children so this
is as would be expected. However, none of the other child or
adolescent studies showed deficient protein intakes.

Equally, other aspects of the diet that the authors of the
original studies did not control for in the analysis (e.g. calcium
intake) may be affecting the results. Of note, the study by
Sahni et al. (2010) [104] showed a higher risk of hip fracture
with higher protein intake when calcium intake was low (<
800 mg/day) but conversely a lower risk of fracture with
higher protein intake when calcium was higher (=800 mg/
day). Failure to control for calcium intake in the fracture anal-
yses could therefore obscure any relationship between protein
intake and fracture risk. Of importance, the meta-analysis for
cohort studies reporting hazard ratios was borderline statisti-
cally significant for a reduced risk of fracture with increasing
protein intake, when the low calcium arm of the study by
Sahni et al. 2010 [104] was removed, suggesting this study
arm may be masking an association between protein intake
and fracture which was evident when only the high calcium
arm was included. Moreover, the meta-analysis result for the
case-control studies (hazard ratios, see Online Resource
Fig. 4) would have been statistically significant if using fixed
models, which were not used due to heterogeneity present in
our analysis. This may explain some of the differing results of
our study from other meta-analyses, in that other analyses
have combined data from cohort and case-control studies,
which we did not, and the results of other meta-analyses
may only be significant because of the inclusion of case-
control data.

Since the publication of our original meta-analysis in 2009
[5], there have been a series of meta-analyses published on the
subject of dietary protein and bone [6-9]. However, these
differ from our meta-analysis in significant ways. Wu et al.
(2015) [7] only assessed fracture risk, and Wallace and

Frankenfeld (2017) [8] did not assess cross-sectional studies.
Santesso et al. (2012) [9] only included bone data from weight
loss trials and Shams-White et al. (2017) [6] included a mix-
ture of weight loss and non-weight loss trials, which may
partially explain their finding of a protective effect of higher
protein intake against LSBMD loss. Moreover, only one study
in the latter review’s change in LSBMD meta-analysis showed
a positive effect, so the analysis was reliant on this one study
for the significant result. The most recent meta-analysis,
Shams-White (2018) [10] included only studies on animal
protein vs. soy protein with isoflavones, so differs substantial-
ly from our current review. Finally, none of these meta-
analyses assessed data from children and adolescents.

There have also been 13 relevant protein and bone health
papers [150—162] published since our electronic searches
were completed. All of these studies have found either a pos-
itive association, or no association of protein take with bone
health, except for one study which found poorer bone health
with increased protein intake [154]. All these studies were of
observational study design except for two randomised control
trials; one of soy protein in children which found no effect on
bone marker concentration [157] and one of collagen supple-
mentation in postmenopausal women which found a positive
effect of supplementation on aBMD [155]. Overall, our cur-
rent meta-analysis reported here is the most comprehensive to
date on the subject and the inclusion of studies published since
2016 are unlikely to have significantly changed our results. As
stated above, the separation of cohort and case-control studies
may explain differences from our study to that of other meta-
analyses.

The strengths of this analysis include the fact that we in-
cluded papers published in both English and non-English lan-
guages, and from both observational and intervention studies.
Moreover, inclusive coverage both in terms of timescale (i.e.
1975 to the present day; 40 years), topic area (all types of
protein, BMD, BMC, BA and bone turnover markers) and
population age subgroups (children, adolescents, adults, older
adults) was achieved. This makes this analysis a comprehen-
sive overview of dietary protein and bone health across the
life-course, using data from the last 40 years. This makes the
work novel and of importance to scientists, public health pro-
viders and clinicians alike.

However, the review was limited by the following factors.
First, studies did not vary enough in calcium intake, as well as
too few studies, to be able to assess whether the association
between dietary protein and fracture risk varies by calcium
intake. Second, there were concerns due to the low methodo-
logical quality of some intervention and cross-sectional stud-
ies. Many cross-sectional studies did not report any multivar-
iate adjusted correlation coefficients in the paper (only unad-
justed r values). Third, there is a clear lack of intervention
studies, particularly parallel trials and cross-over studies
reporting data from before the cross-over point, so effect sizes
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in the intervention meta-analysis are likely to have been un-
derpowered due to a small number of studies with a small
number of participants.

Fourth, the diets of the populations represented in this anal-
ysis generally showed protein intakes that meet (and usually
slightly exceed) protein intake recommendations. Results of
the analysis could differ if persons with a low protein intake
(or very high protein intake) were included. Indeed, as
discussed above, few studies had populations with inadequate
intake and more research is required into bone health in these
populations. Moreover, it is also difficult to answer the ques-
tion as to whether there is a threshold whereby protein intake
becomes so high that is detrimental to bone due to the lack of
data in persons with high intakes. Fifth, the Newcastle Ottawa
tool was not always a good fit to the studies, especially for
nested case-control studies where it is not clear whether they
should be scored on the case-control or cohort scales.
Therefore, the results of the quality analysis should be seen
as a general guide to study quality, rather than a definitive and
accurate score. Finally, the funnel plots for the correlation
studies showed some evidence of publication bias in terms
of a lack of small to medium studies showing negative asso-
ciations between protein intake and bone health.

Future research needs to include larger-scale intervention
studies, particularly in understudied population sub-groups
such as children and adolescents and persons with very low
protein and calcium intakes (e.g. the frail elderly) or very high
protein and calcium intakes. Fracture risk studies need to be
undertaken in the elderly, followed up to increased age (e.g.
80s) to truly see the effect of increased protein intake on long
term fracture risk.

Overall, this systematic review and meta-analysis of the
association between dietary protein and bone health across
the life-course assessed evidence from the last 40 years. A
positive cross-sectional association was shown between
protein intake and bone health in most pooled analyses of
r values in adults. However, these associations disappeared
when only covariate adjusted data were used and there was
no association between fracture risk and intake of any pro-
tein type in the fracture risk meta-analysis. There was no
effect of any form of protein supplementation on any indi-
ces of bone health. The public health and clinical implica-
tions of this work are that there may be little benefit of
increasing protein intake for bone health in healthy adults
with an adequate protein intake but there is clearly no in-
dication of any detrimental effect.
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