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Abstract
Summary This meta-analysis pooled results from 23 qualifying individual cohort studies and found that depression was signif-
icantly associated with an increased risk of fractures and bone loss.
Introduction The association between depression and risk of fracture remains controversial. We conducted a comprehensive
meta-analysis to examine the effect of depression on the risk of osteoporotic fractures and bone loss.
Methods We searched databases and reviewed citations in relevant articles for eligible cohort studies. Two investigators inde-
pendently conducted study selection, appraisal, and data abstraction through the use of a standardized protocol. Random effect
models were used for meta-analysis. Cochrane Q and I2 statistics were used to assess heterogeneity. Funnel plots and rank
correlation tests were used to evaluate publication bias.
Results Twenty-three studies were included for meta-analysis. In studies that reported hazard ratio (HR) as the outcome (nine
studies [n = 309,862]), depression was associated with 26% increase in fracture risk (HR = 1.26, 95% CI, 1.10–1.43, p < 0.001).
Studies that reported risk ratio (RR) as the outcome (seven studies [n = 64,975]) suggested that depression was associated with
39% increase in fracture risk (RR = 1.39, 95% CI, 1.19–1.62, p < 0.001). Among studies that reported hip bone mineral density
(BMD) as an outcome (eight studies [n = 15,442]), depression was associated with a reduced mean annual bone loss rate of
0.35% (0.18–0.53%, p < 0.001). The increased risk of fracture and bone loss associated with depression was consistent in all
meta-analysis having modified inclusion criteria and in different subgroup analyses as well. Significant heterogeneity was
observed in the meta-analysis; however, no significant publication bias was detected.
Conclusion Depression is associatedwith a significant increased risk in fracture and bone loss. Effective preventionmay decrease
such risk.
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Abbreviations
BMD Bone mineral density
HR Hazard ratio
OR Odd ratio

RR Risk ratio
MDD Major depressive disorder
CI Confidence interval

Introduction

Osteoporotic fracture has become a global public health
issue. Across the world, osteoporosis has caused more
than 8.9 million fractures per year [1]; among the popula-
tion with age over 50, more than 30% of women will
encounter osteoporotic fractures, while approximately
20% of men will incur the same issues [2, 3]. The pro-
gressive aging of the worldwide population leads to a dra-
matic increase in the incidence of osteoporotic fracture.
For incidence in hip fracture alone, a threefold increase
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is anticipated by the year 2050 [4]. In consequence of
frequent osteoporotic fracture, excess mortality and severe
disability will cause an escalation of health and social
burdens affiliated with osteoporotic fracture, especially
for European countries [5].

Similar to osteoporosis, depression is a chronic, prevalent
condition, which affects 18% of men and 26% of women in
the USA [6]. Cross-national lifetime prevalence figures show
that up to 21.4% of the population suffers from depressive
symptoms that qualify for a clinical diagnosis [7]. Many stud-
ies have examined the association of depression and decreased
BMD, bone loss, osteoporosis, and fracture. Several meta-
analyses have reported that depression is a significant risk
factor for low BMD [8–11]. However, results from these
meta-analyses have not been consistent. These meta-
analyses included either studies with cross-sectional or case-
control design, a different set of available publications [9],
and/or different outcomes related to osteoporosis [8, 9].
None of these meta-analyses assessed the association between
depression and the risk of osteoporotic fracture in a prospec-
tive cohort design. Although one meta-analysis used fracture
as outcome and included cohort studies [12] only, it was con-
ducted 7 years ago; additionally, the number of included co-
hort studies was small and did not include numerous large
eligible studies published recently [13–22]. As well, the asso-
ciation between depression and risk of bone loss was not fully
assessed due to very few eligible studies available. Hence,
none of the prior meta-analyses to date have offered a com-
prehensive review and analysis of all relevant prospective co-
hort data in investigating the association between depression
and the risk of fracture and bone loss.

Our aim was to conduct an updated meta-analysis to exam-
ine all eligible prospective cohort studies that have assessed
the effect of depression on the risk of fracture and bone loss,
and to obtain more comprehensive, accurate, and precise re-
sults about this effect.

Materials and methods

This meta-analysis followed the Meta-analysis Of
Observational Studies in Epidemiology (MOOSE) guidelines
[23], with reference to the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) statement
[24]. The objectives, literature search strategy, inclusion
criteria, exclusion criteria, methods of study selection, data
abstraction, and methods of statistical analysis were de-
scribed in our protocol, which was preregistered in the
International Prospective Register of Systematic Reviews.
The protocol is available at the following URL: https://
www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=
CRD42017060022.

Eligibility criteria

Due to the bidirectional relationship between depression and
fracture, only original perspective cohort studies that evaluat-
ed the effects of depression on the risk of osteoporotic frac-
tures and/or bone loss were included. Studies examining the
effect of fracture on depression were not eligible. Case-control
and cross-sectional studies were excluded. We only included
studies using human subjects, without the restriction of age,
sex, race, and geographic location.

In the present meta-analysis, the term Bdepression^ re-
fers to clinical depression, depressive disorder, or depres-
sive mood. Eligible exposures were unipolar depression,
depressive disorder that was clinically diagnosed, or de-
pressive mood assessed by a standardized psychometric
tool. Bipolar depressive disorder and bipolar depression
were not eligible [25]. The primary outcome for the present
meta-analysis is fracture, which includes osteoporotic frac-
ture or fragility fracture. Osteoporosis without fracture is
not an eligible primary outcome. Included studies for the
primary outcome must have reported adjusted hazard ratio
(HR) or relative risk (RR) of fracture. The secondary out-
come is bone loss, which refers to decreased BMD associ-
ated with depression. The eligible cohort studies for the
secondary outcome must have reported difference of
BMD change over the follow-up period between depressed
and non-depressed participants. Studies that only used de-
pression as a continuous variable in analysis and did not
report HR, RR, or BMD change between depressed and
non-depressed participants were not eligible.

Literature search

A comprehensive literature search of MEDLINE from
January 1966 through July 2017 was conducted with
PubMed (Supplemental Table 1). The medical subject
headings (MESH) used for this search were Bdepression,^
Bdepressive disorder,^ Bbone loss,^ Bbone fracture,^ Bfrac-
ture,^ Bbone density,^ and Bosteoporosis.^ We also use the
key word Bbone mineral density^ for the literature search.
The search was limited to human studies and English lan-
guage only. We also searched in the Web of Science,
Scopus, Embase, and PsyInfo databases, using a similar
strategy. The literature search was conducted independent-
ly by two investigators (B.L. and S.T.). Librarians were
consulted before and during the search to ensure compre-
hensiveness. We also searched unpublished data including
conference materials, abstracts, thesis, and dissertations,
using the Google search engine. The two investigators
also independently reviewed each reference list of original
studies [13–22, 26–38] and related review and prior meta-
analysis articles.
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Study selection

Reviewers B.L. and S.T. independently screened titles and
abstracts of all references found in the literature search so
as to further identify potential eligible studies. Only irrel-
evant references agreed by both reviewers were excluded
at this stage and any uncertain references were included for
full-text retrieval and examination. The two reviewers then
independently reviewed the full contents of selected refer-
ences to assess their eligibility for this meta-analysis.
Cohen’s kappa statistic was used to assess the agreement
between the two investigators. Disagreement and uncer-
tainty regarding eligibility were discussed and adjudicated
by a third reviewer (Q.W.).

Data abstraction

The following study characteristics were abstracted: author(s),
study name, year of publication, study design, study popula-
tion and country, distribution by age, sex, and race. Important
factors such as outcome, duration of follow-up, cohort size,
assessment of depression, depression criterion, outcomes
(BMD, fractures), menopausal status (women only), estrogen
supplement (women only) and other medications, con-
founders that were adjusted by multivariate analysis, hazard
ratio (HR), and/or relative risk (RR) of fracture associated
with depression and its standard errors were all abstracted
for this meta-analysis. Lastly, the mean difference of BMD
changes between depressed and non-depression group and
the corresponding SD or SE was gathered. When original
studies presented multiple adjusted estimates for the same
outcome, the estimate that had been adjusted for the largest
number of confounders was used. By using a standardized
data extraction form, relevant data was abstracted from all
eligible studies. The two reviewers independently conducted
data abstraction and entry. Both checked the data at least twice
for accuracy. Authors were contacted when additional infor-
mation was needed.

Study appraisal

To examine risk of bias and to assess the quality of the meth-
odology in the original studies, the Newcastle-Ottawa quality
assessment scale for cohort studies was applied. A quality
score was calculated for each study based on a pre-specified
questionnaire [39]. Each study was evaluated by the following
eight criteria for quality assessment: representativeness of the
exposed cohort, selection of non-exposed cohort, ascertain-
ment of exposure, demonstration that outcome of interest
was not present at the start of the study, comparability of
cohorts on the basis of the design or analysis, assessment of
outcome, follow-up duration long enough for outcomes to
occur, and adequacy of follow-up of cohorts. The score ranged

from 0 to 9, where a score of 9 indicates the strongest regard-
ing methodology. The information about the Newcastle-
Ottawa Scale for each study is summarized in Supplemental
Table 2. Based on the suggestion by the MOOSE group [23],
we did not use the quality scores as weights in conducting
meta-analyses. The quality scores were used only in pre-
specified sensitivity analysis.

Statistical analysis

The primary outcome measures were adjusted HR and RR
for fracture. However, the cohort studies that reported odds
ratio (OR) were also considered, since OR is approximately
the same as the RR, if the absolute risk of incident fracture is
low. For the concern of normalization and variance stabiliza-
tion, natural logarithms of RR and HR were used in the
analysis instead of using HR or RR directly. The variance
of log-transformed RR and HR was calculated using CI or p
value given in the original studies. Adjusted RR and HR
reported in the original studies were analyzed separately. In
order to calculate the overall effect size, the reciprocal of the
variance for each study was used as the weight of the corre-
sponding study. The amount of bone loss or the percentage
of BMD loss during different lengths of follow-up was nor-
malized as the annual percentage of bone loss for each study.
For most of the studies involving bone loss, the variance of
annual percentage of loss was computed using 95% CIs or p
value. For specific studies that did not report CI or p value,
variance was calculated by pooling the variance from differ-
ent groups in the study [19].

We conducted several sensitivity analyses to assess the ro-
bustness of our major findings, and the effect of depression to
fracture outcome was assessed with different inclusion
criteria. Multiple pre-specified subgroup analyses were con-
ducted to determine if fracture risk or difference of BMD
change was influenced by sex, demographic region, duration
of follow-up, and sample size of the study cohort, and if the
study controlled for calcium intake and for antidepressant use.

We assessed the heterogeneity by Cochrane Q statistic and
I2. The existence of heterogeneity was expected since the par-
ticipants in the original cohort studies differed in sex, age,
race, and ethnicity, and the fact that these included studies
were conducted in different settings and regions. The
Cochrane Q statistics suggested significant heterogeneity for
HR (p < 0.01) and annualized bone loss (p < 0.01), but no
significant heterogeneity was observed for RR (p = 0.18). To
be conservative, we used a random effect model in all analy-
ses, even if no significant heterogeneity was detected.

To examine for possible publication bias, funnel plots
were constructed for visual inspection. We also employed a
Begg’s rank correlation test as a quantitative method to as-
sess publication bias. R statistical software was used to per-
form all data analyses.
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Results

Study characteristics

The study selection process is presented in Fig. 1. We identi-
fied 5547 potential references after removing duplicate re-
cords. The titles and the abstracts of all these references were
screened, which resulted in 103 full-text articles assessed for
eligibility, with modest agreement between the two investiga-
tors (k = 0.67). After full review of the 103 articles, 23 studies
met the inclusion criteria and were included in our meta-
analysis [13–22, 26–38], with high agreement between the
two investigators (k = 0.90). All eligible articles were pub-
lished in peer-reviewed journals. The characteristics of 23
articles are summarized in Supplemental Table 3. Of these
included cohort studies, 15 reported fracture as an outcome
[15–18, 20, 22, 26–34], 7 reported BMD as an outcome [13,
14, 19, 21, 36–38], and 1 reported both [35]. Among the
studies that reported fracture as an outcome, 9 reported HR
as an outcome [15, 16, 22, 26, 27, 32–35], while 7 of them
reported RR or OR [17, 18, 20, 28–31]. The mean duration of
follow-up varied from 1 [37] to 22 [27] years. The number of

subjects ranged from 100 in the study by Whooley et al. [36]
to 135,110 in the National Health Research Institute’s study
conducted in Taiwan [15]. Among all included studies, 11
were conducted in the USA and 11 studies included women
only. However, sex was controlled in all of the other 12 stud-
ies. Only 3 studies [33, 34, 37] did not control for age effect.

Meta-analysis

In 16 studies that reported fracture as the outcome, 9 studies
reported HRs [n = 309,862] and 7 reported RRs [n = 64,975].
Figure 2a is the forest plot of all studies that reported HR
(hazard ratio) as an outcome. In the forest plot, the HRs
(95% CIs) of fracture by depression for each study and the
overall HR are included. HR is greater than 1 in 9 of the 10
studies. Overall, a 26% increase in fracture risk (HR = 1.26,
95% CI, 1.10–1.43, p < 0.001) was associated with depres-
sion. Figure 2b is the forest plot of all studies that reported
RR as an outcome. RR is greater than 1 in 6 of the 7 studies.
Overall, depression was associated with 39% increase in frac-
ture (RR = 1.39, 95% CI, 1.19–1.62, p < 0.001). Figure 2c is
the forest plot of all 8 studies that reported BMD at the hip,

Records identified through 
database searching 

(n = 7,396) 

Additional records identified 
through other sources 

(n = 0) 

Records after duplicates removed
(n = 5,547) 

Records screened  
(n = 5,444)

Records excluded 
(n = 103) 

Full-text articles assessed 
for eligibility 

(n = 103) 

Full-text articles 
excluded 
(n = 80) 

Non-cohort studies 

(n = 49) 

Without primary outcome 

or secondary outcome 

(n=23) 

Desired data unavailable 

(n = 6) 

Post-fracture depression 

(n = 2) 

Studies that met the 
inclusion criteria 

(n = 23) 

Studies included in 
quantitative synthesis 

(meta-analysis) 
(n = 23) 

Only BMD (n=7) 

Only Fracture (n=15) 

BMD and fracture (n=1) 

Fig. 1 Flow diagram for study
selection. BMD bone mineral
density
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indicating that depression was associated with annual bone
loss of 0.35% (95% CI, 0.18–0.53%, p < 0.001). Higgins’s I2

and Cochrane’sQ suggest high heterogeneity among the stud-
ies that reported HR and among studies that reported BMD.
However, for the studies that reported RR, no significant het-
erogeneity was observed.

Sensitivity analysis

Table 1 summarizes the results of sensitivity analysis. The
estimated fracture risk associated with depression remained
significant when studies were included with different criteria.
For instance, the overall HR increased slightly to 1.34 when
outcome measure was limited to only osteoporotic fracture.
When analysis was confined to studies with high-quality score
(≥ 7), the overall HR decreased slightly to 1.22. After exclud-
ing two studies with small sample size (< 1000), the overall
HR varied little. Finally, when the analysis was confined to the

7 studies with following-up > 5 years, the overall HR de-
creased to 1.18. The estimated fracture risk associated with
depression remained similar in sensitivity analysis with stud-
ies that reported RR as outcome. For example, when analysis
was confined to studies with high-quality score (≥ 7) or to
studies with following-up > 5 years, the overall RR decreased
slightly to 1.34. When the meta-analysis was confined to the 6
studies with sample size > 1000, the overall RR increased
slightly to 1.43. In addition, the overall RR increased slightly
to 1.43 when outcome measure was limited to osteoporotic
fracture only. Finally, when analysis was confined to 5
European studies, the overall RR increased slightly to 1.47.
The estimated annual bone loss of hip associated with depres-
sion increased slightly when the meta-analysis was confined
to 7 studies conducted in the USA only or 7 studies with
duration of follow-up < 10 years. For studies that reported
BMD at the spine, depression was associated with annual
bone loss of 0.32% (95% CI, 0.13–0.77%, p < 0.001). For

Fig. 2 Risk of fracture (a, HR; b,
RR) andmean annual rate of bone
loss (c) associated with
depression by individual study
and by all studies combined. The
horizontal lines represent 95%
CIs. The size of the square boxes
indicates the weights of studies.
The diamond stands for the
overall effect size
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studies that reported BMD at the trochanter, depression was
associated with annual bone loss of 0.57% (0.40–0.74%,
p < 0.001).

Subgroup analysis

The subgroup analysis results for primary outcome measure
using HR are summarized in Table 2. The HR for fractures
was higher in the studies with longer duration of follow-up (≥
10 years), conducted in the USA, with smaller population size
(< 10,000). In addition, the studies that did not control for
smoking (HR 1.38, 95% CI 1.07–1.79; [4 studies {n =
217,249}) had a higher overall HR compared to the studies
that controlled for smoking (HR 1.19, 95% CI 0.98–1.46; [5
studies {n = 92,613}]). Likewise, the studies that did not con-
trol for antidepressant use (HR 1.43, 95% CI 0.94–2.18; [2
studies {n = 9245}]) had a higher overall HR compared to the
studies that controlled for antidepressant use (HR 1.23, 95%
CI 1.06–1.41; [7 studies {n = 300,617}]). For subgroup anal-
ysis of studies that reported RR (Table 3), the estimated risk
was higher in the studies with sample size greater than 10,000,
with adjustments for antidepressants or for smoking. Among
the studies that reported BMD at the hip as an outcome, the
studies with only female participants (effect size 0.33%, 95%

CI 0.14–0.52%; [6 studies {n = 12,878}]) had lower mean
annual bone loss rate compared to the studies with only male
participants (effect size 0.49%, 95% CI 0.17–0.82; [2 studies
{n = 2564}]). The studies with less than 5 years follow-up
(effect size 0.48%, 95% CI 0.43–0.53%; [5 studies {n =
6943}]) had a higher mean annual bone loss rate compared
to the studies with greater or equal to 5 years follow-up (effect
size 0.19%, 95% CI, − 0.06 to 0.44%; [3 studies {n = 8499}]).
However, the differences of all estimated risk associated with
depression between subgroups were not significant in all sub-
group analyses. Therefore, we did not conduct meta-
regression analysis.

Publication bias

Publication bias was examined using funnel plots. For fracture
outcomes, publication bias was suspected by observing the
funnel plots (Supplemental Figure A and B). Hence, we per-
formed the Begg rank correlation test and the results showed
that publication bias was not significant for HR (p = 0.18) or
for RR (p = 0.11). For BMD outcome, visual inspection of the
funnel plot indicated that publication bias was also suspected
(Supplemental Figure C). However, the rank correlation test
showed that publication bias for BMD outcome was not

Table 1 Risk of fracture and bone loss associated with depression in studies under different inclusion criteria

Studies
included

References Effect size (95% CI) Heterogeneity

Q p value I2 (%)

Studies that reported HR as an outcome

All studies 9 [17, 18, 24, 28, 29, 34–37] 1.26 (1.10, 1.43) 26.15 < 0.01 69

Quality score ≥ 7 8 [17, 18, 24, 28, 29, 34, 35, 37] 1.22 (1.07, 1.39) 21.64 < 0.01 68

Studies that used only osteoporotic fracture as outcome 8 [17, 18, 24, 28, 29, 34–36] 1.34 (1.13, 1.60) 19.46 < 0.01 64

Studies with population size > 1000 7 [17, 24, 28, 29, 34, 36, 37] 1.27 (1.10, 1.46) 23.66 < 0.01 75

Studies with follow-up > 5 years 7 [17, 18, 24, 29, 34, 35, 37] 1.18 (1.04, 1.34) 16.01 0.01 63

Studies that controlled for age 6 [17, 18, 24, 29, 34, 37] 1.18 (1.04, 1.34) 15.07 0.01 67

Studies that reported RR as an outcome

All studies 7 [19, 20, 22, 30–33] 1.39 (1.19, 1.62) 8.81 0.18 32

Quality score ≥ 7 6 [19, 20, 22, 31–33] 1.34 (1.16, 1.54) 6.46 0.26 23

Studies with duration of follow-up > 5 years 6 [19, 20, 22, 31–33] 1.34 (1.16, 1.54) 6.46 0.26 23

Studies with population size > 1000 6 [20, 22, 30–33] 1.43 (1.22, 1.66) 7.01 0.22 29

Studies that use fracture as the primary outcome 6 [19, 20, 22, 30, 31, 33] 1.41 (1.15, 1.73) 8.48 0.13 41

Studies from Europe 5 [20, 22, 30–32] 1.47 (1.20, 1.80) 6.84 0.14 42

Studies that reported BMD as an outcome

All hip BMD 8 [15, 16, 21, 23, 37–40] − 0.35 (− 0.53, − 0.18) 158.23 < 0.01 97

All hip BMD with follow-up < 10 years 7 [15, 16, 21, 23, 38–40] − 0.41 (− 0.60, − 0.21) 138.04 < 0.01 96

Hip BMD in the USA only 7 [15, 16, 21, 37–40] − 0.40 (− 0.55, − 0.25) 52.01 < 0.01 88

Spine BMD only 4 [15, 37–39] − 0.32 (− 0.77, − 0.13) 54.66 < 0.01 95

Trochanter BMD only 3 [15, 39, 40] − 0.57 (− 0.74, − 0.40) 4.17 0.12 52

CI confidence intervals, Q Cochrane’s Q statistic, I2 the percentage of total variation due to heterogeneity among studies
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significant (p = 0.46). We performed the trim-and-fill correc-
tion procedure and found no trim or fill data point was needed
for all outcome measures.

Discussion

Our meta-analysis demonstrated that depression is prospec-
tively associated with a significant increase in the risk of frac-
ture and bone loss. The increased risk associated with depres-
sion remained consistent and statistically significant in all sen-
sitivity analyses based on various inclusion criteria (Table 1)
and in all subgroup analyses grouped by various participant
and study characteristics (Tables 2, 3, and 4). Such consistent
findings from all these analyses suggest our results are robust
and consistent. Given that both depression and osteoporosis
are prevalent worldwide, our meta-analysis findings will no
doubt have important implications for public health globally.

The results of our meta-analysis are in accordance with
findings from those former meta-analyses [8–10, 40] that

assessed the association of depression and decreased BMD.
These prior meta-analyses either included case-control and
cross-sectional studies, and were thus not able to address
whether depression is prospectively associated with increased
risk of fracture and bone loss. One of our previous meta-
analyses [12] included cohort studies only and assessed the
effect of depression on risk of fracture; however, because it
was published 7 years ago, it was not able to integrate findings
from large studies published in recent years [13–22], thus
rendering the results less robust. Due to small number of in-
cluded studies, our prior meta-analysis lacked sufficient data
to assess the effect of depression on bone loss. In this updated
meta-analysis, we were able to include several new qualified
studies with large sample size. The large sample size in the
current meta-analysis equipped us to conduct comprehensive
sensitivity analyses and subgroup analyses not only for frac-
ture outcome, but also for bone loss outcome in the perspec-
tive study design. The significant, consistent association be-
tween depression and bone loss found in the meta-analysis, as
well as in all sensitivity analyses and subgroup analyses,

Table 2 Stratified analyses of
hazard ratio for fracture risk
associated with depression by
subgroup

Subgroup No. of
studies

References Hazard ratio
(95% CI)

p value Heterogeneity

Q p value I2 (%)

Sex

Female only 3 [18, 28, 37] 1.25 (0.95, 1.63) 0.99 9.17 0.01 78

Both 5 [17, 24, 29, 34, 35] 1.25 (1.01, 1.55) 11.5 0.02 65

Duration of follow-up

≥ 10 years 4 [17, 18, 24, 29] 1.43 (1.04, 1.97) 0.39 12.15 < 0.01 75

< 10 years 5 [28, 34–37] 1.21 (1.00, 1.47) 12.95 0.01 69

Geographical region

USA 4 [28, 29, 36, 37] 1.4 (1.04, 1.89) 0.44 16.24 < 0.01 82

Other 5 [17, 18, 24, 34, 37] 1.22 (1.01, 1.48) 9.38 0.05 57

Publication year

Before 2010 6 [28, 29, 34–37] 1.27 (1.04, 1.55) 0.81 17.42 < 0.01 71

2010 and later 3 [17, 18, 24] 1.33 (0.95, 1.86) 8.38 0.02 76

Population size

≥ 10,000 3 [17, 24, 37] 1.12 (0.97, 1.28) 0.06 7.68 0.02 74

< 10,000 6 [18, 28, 34–37] 1.38 (1.16, 1.65) 7.03 0.22 29

Controlled for antidepressant

Yes 7 [17, 18, 24, 28,
34, 36, 37]

1.23 (1.06, 1.41) 0.49 21.08 < 0.01 72

No 2 [29, 35] 1.43 (0.94, 2.18) 2.21 0.14 55

Controlled for smoking

Yes 5 [18, 29, 34, 35, 37] 1.19 (0.98, 1.46) 0.38 8.92 0.06 55

No 4 [17, 18, 24, 28] 1.38 (1.07, 1.79) 13.91 < 0.01 78

Controlled for calcium intake

Yes 3 [18, 24, 28] 1.25 (0.98, 1.61) 0.79 7.01 0.03 71

No 6 [17, 29, 34–37] 1.31 (1.05, 1.65) 18.45 < 0.01 73

CI confidence intervals,Q Cochrane’s Q statistic, I2 the percentage of total variation due to heterogeneity among
studies
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further indicated, as well as substantiated, that bone loss cre-
ates a pathway for depression, which then in turn increases
fracture risk. As well, we observed some variations in the
association of depression with risk of fracture and bone loss
between subgroups. These variations may be caused by het-
erogeneity, as these original studies were conducted at various
settings in different geographic regions. As well, participants

varied in distribution of age, gender and race/ethnicity, and
depression, and BMD was measured using various tools and
instruments. However, the difference of effect size between
subgroups was not significant in all subgroup analysis. As this
updated meta-analysis includes all eligible cohort data, it is
more robust in assessing the casual association between de-
pression and risk of bone loss and fracture.

Table 3 Stratified analyses of risk ratio for fracture risk associated with depression by subgroup

Subgroup No. of studies References Risk ratio (95% CI) p value
(difference in groups)

Heterogeneity

Q p value I2 (%)

Sex

Women only 3 [19, 30, 33] 1.39 (0.97, 1.98) 0.99 4.02 0.13 50

Men and women 4 [20, 22, 31, 32] 1.39 (1.15, 1.68) 4.56 0.21 34

Duration of follow-up

≥ 10 years 5 [19, 20, 30, 31, 33] 1.54 (1.16, 2.03) 0.22 6.12 0.19 35

< 10 years 2 [22, 32] 1.27 (1.14, 1.43) 0.84 0.36 0

Publication year

Before 2010 4 [30–33] 1.53 (1.28, 1.83) 0.09 2.66 0.45 0

2010 and later 3 [19, 20, 22] 1.23 (1.02, 1.47) 2.77 0.32 12

Population size

≥ 10,000 3 [22, 30, 31] 1.6 (1.08, 2.38) 0.48 5.7 0.06 65

< 10,000 4 [19, 20, 32, 33] 1.37 (1.14, 1.64) 2.89 0.41 0

Controlled for antidepressant

Yes 4 [20, 30, 32, 33] 1.5 (1.26, 1.80) 0.44 1.62 0.65 0

No 3 [19, 22, 31] 1.29 (0.93, 1.81) 4.35 0.11 54

Controlled for smoking

Yes 5 [19, 20, 30, 31, 33] 1.54 (1.16, 2.03) 0.22 6.12 0.19 35

No 2 [22, 32] 1.27 (1.14, 1.43) 0.84 0.36 0

CI confidence intervals, Q Cochrane’s Q statistic, I2 the percentage of total variation due to heterogeneity among studies

Table 4 Subgroup analysis of mean annual bone loss at the hip associated with depression

Subgroup No. of studies References Effect size (95% CI) p value
(difference in groups)

Heterogeneity test

Q p value I2 (%)

Sex

Women 6 [16, 21, 23, 37, 39, 40] − 0.33 (− 0.52, − 0.14) 0.7 1.25 0.26 20

Men 2 [15, 38] − 0.49 (− 0.82, − 0.17) 23.45 < 0.01 97

Duration of follow-up

≥ 5 years 3 [16, 23, 37] − 0.19 (− 0.44, 0.06) 0.03 73.87 < 0.01 97

< 5 years 5 [15, 21, 38–40] − 0.48 (− 0.53, − 0.43) 2.2 0.7 0

Publication year

Before 2010 4 [37–40] − 0.32 (− 0.65, 0.01) 0.79 47.66 < 0.01 94

2010 and later 4 [15, 16, 21, 23] − 0.38 (− 0.64, − 0.12) 85.13 < 0.01 96

Population size

≥ 1000 5 [15, 16, 23, 37, 40] − 0.31 (− 0.52, − 0.11) 0.25 152.99 < 0.01 97

< 1000 3 [21, 38, 39] − 0.48 (− 0.68, − 0.29) 1.4 0.5 0

CI confidence intervals, Q Cochrane’s Q statistic, I2 the percentage of total variation due to heterogeneity among studies
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The underlying mechanism of how depression increases risk
of fracture has not been fully elucidated. Depression may alter
concentrations of many hormones that affect bone formation
and/or bone resorption. Depression continually activates the
hypothalamic-pituitary-adrenal (HPA) axis and causes an elevat-
ed cortisol level. Hypercortisolemia is considered an important
causal factor in decreased bone formation associated with de-
pression. Levels of inflammatory cytokines such as interleukin-
1β, interleukin-2, and interleukin-6 are elevated in depression,
and elevated levels of these pro-inflammatory markers are
linked to decreased BMD [41]. Depression is associated with
several other key regulators of bone formation [42], including
gonadal hormones estrogen and testosterone. In addition, the
processes for human reproduction and growth become inhibited
in depressive states, which results in decreased levels of estrogen
and growth hormone/insulin growth factors. These hormone
changes can cause decreased bone formation and increased bone
resorption, and can contribute to bone deficit in depressive states
[43]. Other factors, including leptin, vitamin D, and parathyroid
hormone, may also play roles in the causal link between depres-
sion and decrease bone mass. Many poor health behaviors as-
sociated with depression, such as smoking, increased alcohol
drinking, and decreased physical activity, have been found to
impact bone metabolism [44]. In this meta-analysis, we ob-
served significant association between depression and bone loss
at several skeletal sites. These findings indicated bone loss may
be a pathway between depression and fracture. On the other
hand, depressed people are more likely to have difficulty in
attending to the environment and are less likely to take necessary
safety precautions, thus increasing the probability of falling [45].
This illustrates another pathway for depression to increase the
risk of fracture. Fractures occur as a result of both decreased
BMD and a higher propensity to fall, and depression is likely
to increase fracture risk through both pathways.

This meta-analysis has some limitations. First, language bias
was expected since only English studies were included. Second,
publication bias cannot be ruled out, even all tests for this bias
were not significant. Third, most original reports employed self-
report scales to determine if participants were depressed, which
may be subjected to misclassification bias and thus underesti-
mate the risk of fracture and bone loss associated with depres-
sion. In addition, we were not able to conduct subgroup analysis
based on ethnicity because information about ethnicity was not
provided in most original reports. Finally, some original reports
included in this meta-analysis lacked data on medication use,
including corticosteroid and glucocorticoid. The impact of med-
ications on the observed association between depression and risk
of fracture and bone loss needs further investigation. There are
differences in the risk of bias across studies selected, which was
detected by observing that the effect of size is associatedwith the
quality score. Duration of follow-up, demographic region of the
study, the gender of the participants, and population size may
influence the overall effect size substantially. High heterogeneity

among studies selected was observed when we used HR and
BMD as our outcomes.We applied the random effect model and
the standardized outcome to address the issue.

In conclusion, our updated meta-analysis of prospective
cohort studies further confirmed that depression is significant-
ly associated with an increased risk of osteoporotic fracture
and bone loss. Due to the high prevalence of depression and
osteoporosis worldwide, the observed link between depres-
sion and bone loss and fracture has important implications
for public health globally, especially with increased aging of
the population worldwide. Prevention and treatment of de-
pression may substantially decrease the risk of osteoporosis
and osteoporotic fracture. Further studies are warranted to
investigate the underlying mechanisms for how depression
causes an increased risk of bone loss and fracture.
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