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Background. Subclinical hyperthyroidism (SHyper)
has been associated with increased risk of hip
and other fractures, but the linking mechanisms
remain unclear.

Objective. To investigate the association between
subclinical thyroid dysfunction and bone loss.

Methods. Individual participant data analysis was
performed after a systematic literature search in
MEDLINE/EMBASE (1946–2016). Two reviewers
independently screened and selected prospective
cohorts providing baseline thyroid status and
serial bone mineral density (BMD) measurements.
We classified thyroid status as euthyroidism
(thyroid-stimulating hormone [TSH] 0.45–4.49
mIU/L), SHyper (TSH < 0.45 mIU/L) and subclin-
ical hypothyroidism (SHypo, TSH ≥ 4.50–19.99
mIU/L) both with normal free thyroxine levels.
Our primary outcome was annualized percentage
BMD change (%DBMD) from serial dual X-ray
absorptiometry scans of the femoral neck, total
hip and lumbar spine, obtained from multivariable
regression in a random-effects two-step approach.

Results. Amongst 5458 individuals (median age
72 years, 49.1% women) from six prospective
cohorts, 451 (8.3%) had SHypo and 284 (5.2%)
had SHyper. During 36 569 person-years of follow-
up, those with SHyper had a greater annual bone
loss at the femoral neck versus euthyroidism: %
DBMD = �0.18 (95% CI: �0.34, �0.02; I2 = 0%),
with a nonstatistically significant pattern at the
total hip: %DBMD = �0.14 (95% CI: �0.38, 0.10;
I2 = 53%), but not at the lumbar spine: %
DBMD = 0.03 (95% CI: �0.30, 0.36; I2 = 25%);
especially participants with TSH < 0.10 mIU/L
showed an increased bone loss in the femoral neck
(%D BMD = �0.59; [95% CI: �0.99, �0.19]) and
total hip region (%DBMD = �0.46 [95% CI: �1.05,
�0.13]). In contrast, SHypo was not associated
with bone loss at any site.
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Conclusion. Amongst adults, SHyper was associated
with increased femoral neck bone loss, potentially
contributing to the increased fracture risk.

Keywords: bone density, bone loss, hyperthyroidism,
hypothyroidism, prospective studies, thyroid dis-
ease.

Introduction

Overt hyperthyroidism is a known risk factor for
decreased bone mineral density (BMD) and frac-
tures [1–3] whereas overt hypothyroidism is not,
except during thyroxine over-replacement [4].
Compared to overt thyroid disease, subclinical
thyroid dysfunction (SCTD) is a more common
phenomenon, with a prevalence reaching 10% for
subclinical hypothyroidism (SHypo) in the elderly
[5] and 3.2% for subclinical hyperthyroidism
(SHyper) [6].

Amongst 70 298 individual participant data (IPD)
from prospective cohort studies, we found that
SHyper (but not SHypo) was associated with an
increased risk up to 36% of fractures compared to
euthyroidism [7].

Yet the underlying pathophysiologic mechanism
remains unclear. Increased bone loss may mediate
this association and is best assessed with serial
bone mineral density measurements to assess
bone health and evaluate the future risk of osteo-
porotic fractures [8, 9]. However, data on the
association between SCTD and bone loss are
limited to one prospective cohort study conducted
only in men [10]. To investigate the influence of
SCTD on bone loss, a potential mediator in its
association with fracture risk, we conducted a
pooled IPD analysis from all population-based
prospective cohort studies with baseline thyroid
status and serial BMD assessments.

Methods

Search strategy and selection criteria

We report this IPD analysis according to the
PRISMA-IPD statement [11] and published the
study protocol online in the International prospec-
tive register of meta-analyses (PROSPERO
CRD42015019814) [12]. We conducted a system-
atic literature search in EMBASE and MEDLINE
from inception until 5 September 2016 without
language restrictions and searched bibliographies
of key articles in the field. We included IPD from
prospective cohorts with available baseline thyroid
status and serial BMD measurements. We
excluded studies assessing individuals with overt

thyroid dysfunction only, or limited to participants
pretreated for either thyroid or bone diseases. Two
physicians (DS, CEA) independently assessed each
study’s eligibility (title and abstract screen:
Cohen’s kappa coefficient [j] = 0.80; full-text
search: j = 1.00), potential risks of bias and study
quality using the Newcastle-Ottawa Quality
Assessment Scale [13]. Remaining uncertainties
were solved with a third author (NR). Furthermore,
we included unpublished IPD from the Thyroid
Studies Collaboration [7], an international network
of high-quality prospective cohort studies. In case
of unclear data issues (e.g. unreasonable outliers),
we contacted the designated cohort contact
persons.

Thyroid status

All cohorts measured TSH using third-generation
assays, whereas fT4 assay kits varied across stud-
ies. Similar to previous IPD analyses [7, 14, 15], we
used uniform TSH cut-off levels based on an expert
consensus meeting of the Thyroid Studies Collab-
oration, expert reviews [16, 17], and cohort-specific
cut-offs for fT4 reference ranges (Table A1) for a
better comparability. We defined euthyroidism as
TSH 0.45–4.49 mIU/L, SHypo as TSH between
4.50 and 19.99 mIU/L with fT4 within reference
range and SHyper as TSH < 0.45 mIU/L with fT4
within reference range. We excluded individuals
with overt hypothyroidism (n = 124) and hyperthy-
roidism (n = 90), as well as other discordant thy-
roid function tests due to unclear cause/
mechanisms (n = 27).

Assessment of bone- and thyroid-altering medication

We collected data on anti-osteoporotic medication
[18] and glucocorticoids [19] in all cohorts at
baseline and during follow-up. Bone-altering
medication comprised: bisphosphonates, calci-
tonin, teriparatide, proton pump inhibitors, selec-
tive estrogen receptor modulators, oral
corticosteroids, thiazides, postmenopausal hor-
mone therapy, contraceptives, androgens, anti-
androgens and fluorides. Similarly, we collected
all available data on thyroid-altering medication:
thyroxine, antithyroid drugs, lithium and
amiodarone.
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Annualized percentage change in bone mineral density (%DBMD)

Our primary outcome was the annualized percent-
age change between baseline and the last available
follow-up measurements (%DBMD) at the femoral
neck, total hip and lumbar spine, to standardize
BMD measurements across different cohorts,
devices and follow-up durations, as in former
study-level meta-analyses [20, 21].

All BMD measurements were obtained from gold
standard dual X-ray absorptiometry (DXA,
Table A1). The rationale for total hip, femoral neck
and lumbar spine as reference body sites was their
high relevance to the risk assessment of major
osteoporotic fractures [22]. To increase the accu-
racy and reproducibility for each body site, all
cohorts implemented a strict quality control with
cross-calibration using standardized phantoms to
avoid interdevice variability and longitudinal shifts
and drifts (Table A2).

In a previous publication, we observed an
increased risk of hip fractures in participants with
SHyper [7]. In the current work, we also examined
whether this could be explained by the mediating
effect of increased bone loss in this region. For this
secondary analysis, every cohort provided us with
both data on incident fractures and %DBMD. The
definitions of fracture categories are detailed
elsewhere [7].

Data analysis

Following recommendations for IPD analyses [23,
24] and previous studies [7, 14], we used a
random-effects two-step approach, first analysing
associations between thyroid status and %DBMD
for each cohort using linear multivariable regres-
sion models controlling for age, sex, body mass
index (BMI) [25], diabetes mellitus [25], smoking
[26] and menopausal status [27]. Data were
complete for age and sex, with rare missing data
for BMI (0.2%), smoking (0.3%), menopausal
status (0.3%) and diabetes mellitus (<0.01%).
This approach yielded adjusted differences in %
DBMD between euthyroid individuals and those
with SHyper or SHypo, and respective standard
errors. In a second step, we calculated pooled
estimates with 95% CI using inverse-variance
random-effects models [28] and assessed the
heterogeneity across cohorts by means of I2

statistic [29]. Additional information is detailed
in the Appendix.

Results

Of 1558 articles identified in our literature search
and through contact with experts, six cohort stud-
ies met all inclusion criteria (Figure A1) [10]. Two
other cohorts were potentially eligible, but not
included because of different BMD measurement
techniques and devices [30, 31]. The final sample
for our primary outcome comprised 5458 individ-
uals (median age 72 years, 49.1% female partici-
pants) with a median follow-up of 6.7 years and
total observation of 36 569 patient-years (Table 1);
4723 (86.5%) participants were euthyroid, 451
(8.3%) had SHypo, and 284 (5.2%) had SHyper,
including 230 (4.2%) with low but not suppressed
TSH (0.10–0.44 mIU/L) and 54 (1.0%) with sup-
pressed TSH (<0.10 mIU/L). According to the
modified Newcastle-Ottawa Quality Assessment
Scale [13], study quality was good to excellent with
three studies achieving the full score of seven [32–
34], and three studies with six points (Table A2)
[10, 35, 36].

In euthyroid individuals, femoral neck BMD
decreased 0.59% per year (95% CI: 0.54, 0.63),
total hip BMD decreased 0.55% per year (95% CI:
0.49, 0.61), whilst spine BMD increased 0.32% per
year (95% CI: �0.21, 0.84) in unadjusted models.
In multivariable regression models, SHyper was
associated with an increased bone loss at the
femoral neck compared to euthyroidism: %
DBMD = �0.18 (95% CI: �0.34, �0.02; I2 = 0.0%,
Figure A2), with a nonstatistically significant pat-
tern for total hip: %DBMD = �0.14 (95% CI: �0.38,
0.10, I2 = 52.7%), but not for lumbar spine: %
DBMD = 0.03 (95% CI: �0.30, 0.36; I2 = 24.8%)
(Table 2). Amongst participants with SHyper and
TSH <0.10 mUI/L, bone loss notably increased at
the femoral neck [%DBMD = �0.59 (95% CI:
�0.99, �0.19, I2 = 0.0%)], with a similar pattern
at the total hip [%DBMD = �0.46 (95% CI: �1.05,
0.13, I2 = 59.5%)] compared to euthyroidism. In
contrast, SHypo was not associated with increased
bone loss at any body site (Table A3). An analysis
stratifying for cohort-specific fT4 quartiles resulted
in a significantly increased hip bone loss in the
highest versus lowest fT4 quartile for both femoral
neck %DBMD = �0.18 (95% CI: �0.29, �0.06,
P < 0.01) and total hip %DBMD = �0.20 (95% CI:
�0.27, �0.12, P = 0.02, Figure 1). In SHyper, bone
loss was significantly increased for both men and
women at the femoral neck (%DBMD = �0.33 [95%
CI: �0.66, �0.01] vs. %DBMD = �0.14 [95% CI:
�0.24, �0.05]) compared to euthyroidism, however
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without effect modification by gender (P for inter-
action 0.58), but not total hip (%DBMD = �0.38
[95% CI: �0.80, 0.03] vs. %DBMD = �0.05 [95%
CI: �0.25, 0.14], P for interaction = 0.43). There
was a pattern for a larger bone decrease at the

femoral neck amongst participants with SHyper
≥75 vs. <75 years (%DBMD = �0.34 [95% CI:
�0.52, �0.16] vs. %DBMD = �0.13 [95% CI:
�0.22, �0.04], P for interaction = 0.09), but not
at the total hip (%DBMD = �0.28 [95% CI: �0.69,

Table 2 Sensitivity analyses for the multivariable-adjusteda association between subclinical hyperthyroidism and
annualized change in bone mineral density

N SHyper/

Euthyroidism %DBMD 95% CI I2 P

Femoral neck

Main analysis: Exclusion of bone drug users at baseline 283/4700 �0.18 �0.34; �0.02 0.0% 0.44

And no history of osteoporosis, and/or previous, and/or

incident fractures

222/3517 �0.23 �0.45; <�0.01 23.2% 0.26

Exclusion of bone drug usersb at any time 234/3559 �0.18 �0.36; <�0.01 0.0% 0.48

Exclusion of both thyroidc- and bone-influencing drug

users at any time

184/3348 �0.36 �0.71; <�0.01 45.9% 0.10

Exclusion of cohorts with >20% missing follow-up BMDd 154/2968 �0.36 �0.63; �0.09 0.0% 0.56

Inclusion of participants with TSH < 0.10 mIU/L only 54/4700 �0.59 �0.99; �0.19 0.0% 0.44

Total hip

Main analysis: Exclusion of bone drug users at baseline 232/4122 �0.14 �0.38; 0.10 52.7% 0.06

And no history of osteoporosis, and/or previous, and/or

incident fractures

181/3013 �0.17 �0.53; 0.19 74.5% <0.01

Exclusion of bone drug usersb at any time 184/3037 �0.16 �0.47; 0.15 60.8% 0.03

Exclusion of both thyroidc- and bone-influencing drug

users at any time

141/2844 �0.40 �0.96; 0.16 81.9% <0.01

Exclusion of cohorts with >20% missing follow-up BMDd 103/2389 �0.38 �0.65; �0.10 15.8% 0.31

Inclusion of participants with TSH < 0.10 mIU/L only 42/4122 �0.46 �1.05; 0.13 59.5% 0.04

Lumbar spine

Main analysis: Exclusion of bone drug users at baseline 163/2974 0.03 �0.30; 0.36 24.8% 0.26

And no history of osteoporosis, and/or previous, and/or

incident fractures

121/1985 �0.06 �0.42; 0.29 19.5% 0.29

Exclusion of bone drug usersb at any time 128/2069 0.33 �0.35; 1.00 64.6% 0.04

Exclusion of both thyroidc- and bone-influencing drug

users at any time

101/1930 0.39 �0.47; 1.25 64.7% 0.04

Exclusion of cohorts with >20% missing follow-up BMDd 53/1619 0.36 �0.55; 1.28 62.5% 0.10

Inclusion of participants with TSH < 0.10 mIU/L only 23/2974 0.44 �1.12; 0.24 0.0% 0.52

%DBMD, annualized percentage change in bone mineral density compared to euthyroid individuals; I2, I2 statistics; 95%
CI, 95% confidence intervals; N, number of participants; p, p for heterogeneity; SHyper, subclinical hyperthyroidism.
aMultivariable adjustment for age, sex, bone mass index, smoking and menopausal status, history of diabetes. Values
presented as mean difference in annualized percentage change in BMD, as compared to euthyroid controls.
bBone-altering drug users with intake of either bisphosphonates, calcitonin, teriparatide, selective estrogen receptor
modulators, oral corticosteroids, thiazide diuretics, androgens, anti-androgens, hormone replacement therapy or proton
pump inhibitors.
cThyroid-altering drug users with intake of either thyroxine, antithyroid drugs, amiodarone or lithium.
dExclusion of the Cardiovascular Health Study [35], Osteoporotic Fractures in Men (MrOS) Study [42] and Osteoporosis
and Ultrasound Study (OPUS) [36] for the sensitivity analysis of %DBMD at the femoral neck and total hip. Additionally, no
data available for %DBMD at the lumbar spine in Rotterdam Study [34].
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0.12] vs. %DBMD = �0.15 [95% CI: �0.33, 0.04], P
for interaction = 0.77).

Most sensitivity analyses yielded similar results
(Table 2), whereas exclusion of both thyroid- and
bone-altering drug users at any time showed a
greater bone loss in SHyper at the femoral neck
and a comparable pattern for total hip, without
significant changes for lumbar spine. When
excluding studies with >20% missing follow-up
BMD, bone loss was significantly increased in
SHyper at both hip measurement sites.

The adjusted HR for fractures associated with
SHyper was 1.47 (95% CI: 0.74, 2.91; P = 0.27)
for hip, 1.19 (95% CI: 0.69, 2.03; P = 0.53) for any
and 0.95 (95% CI: 0.58, 1.57; P = 0.85) for non-
spine fractures. Compared to our previous publi-
cation [7], confidence intervals were larger due to

the smaller number of individuals with both frac-
ture assessment and serial BMD scans (N = 5458
vs. N = 70 298). Additional adjustment for baseline
BMD and %DBMD in the total hip region yielded
lower risk estimates, particularly for hip fractures
(HR = 1.28; 95% CI: 0.64, 2.54; P = 0.49). Addi-
tionally, there was no significant effect modifica-
tion by thyroid status (SHyper versus
euthyroidism) in the association between %DBMD
in the hip region and the risk of hip, nonspine and
any fractures (Table A4).

Discussion

In our IPD analysis of 5458 individuals from six
population-based prospective cohorts, SHyper was
associated with a moderately increased annualized
bone loss at the femoral neck with a similar,
nonsignificant trend for total hip, but not for

Fig. 1 Annualized percentage change in hip bone mineral density stratified by cohort-specific fT4 quartiles. Multivariable
adjustment for age, sex, bone mass index, smoking and menopausal status, history of diabetes. Values presented as mean
difference in annualized percentage change in BMD (%DBMD). 95% CI: 95% confidence intervals; fT4: free thyroxine;
quartiles obtained from each cohort, p for difference in %DBMD between the highest and lowest fT4 quartile.
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lumbar spine, which may be influenced by the
development of degenerative arthritis and vascular
calcification. Bone loss at the femoral neck and
total hip was largest amongst individuals with TSH
levels <0.10 mUI/L showing approximately a dou-
ble to threefold annualized rate of hip bone loss.
Moreover, participants in the highest fT4 quartile
had a more pronounced hip bone loss than partic-
ipants in the lowest fT4 quartile. Conversely,
SHypo was not associated with increased bone
loss compared to euthyroid controls.

Bone loss at the femoral neck and, to a lesser
extent, at total hip, was even greater after exclud-
ing individuals on bone metabolism and/or thyroid
function-altering medication at any time. These
results suggest increased hip bone loss especially
in endogenous forms of SHyper and are compatible
with a recent study-level meta-analysis with 78%
higher fracture risk in endogenous and 25% higher
in exogenous forms of SHyper vs euthyroidism [37].
A cross-sectional study amongst 88 post-
menopausal women reported significantly lower
hip and lumbar spine BMD levels in endogenous,
but not exogenous SHyper [38]. Longer exposure to
decreased TSH levels in endogenous SHyper could
be an explanation [37, 39], as exogenous SHyper is
usually quickly corrected with regular TSH
monitoring.

Although there was no evidence of interaction by
age or sex on the association between SHyper and
hip bone loss, point estimates for femoral neck/
total hip %DBMD in SHyper were lower in men than
in women. These results are compatible with our
previous publication showing a higher HR for hip
fractures in men than in women with SHyper
compared to euthyroid controls ([HR = 1.92, 95%
CI: 1.26, 2.94] vs. [HR = 1.29, 95% CI: 1.08, 1.55],
P for interaction 0.09) [7].

Our study found a potential mediating effect of hip
bone loss in the association between SHyper and
increased risk of hip fractures, as shown by the
decreased HRs after additional adjustment for %
DBMD and baseline BMD at the total hip. However,
confidence intervals were large and the association
was not statistically significant, as power was
limited by the relatively low number of hip frac-
tures (265 in the present analysis compared to
2975 in our previous article) [7]. Additionally, we
found no clear interaction of thyroid status (SHy-
per versus euthyroidism) in the association
between %DBMD in the hip region and fracture

risk. Therefore, there may be additional mediators
such as bone turnover and neuromuscular func-
tion in the association between SHyper and frac-
ture risk. SHyper has been associated with
reduced muscle strength [40], increased frailty
[41] and an increased cardiovascular morbidity
[15] in previous prospective cohorts, which all may
result in an increased risk of falls and subsequent
low-traumatic fractures.

Our study has the following strengths. It is the first
analysis on the association between SCTD and
bone loss including a large proportion of IPD from
six prospective population-based cohort studies
from five different countries with a balanced gender
distribution. Compared to study-level meta-ana-
lyses, an IPD analysis increases the power and
accuracy of aggregated evidence by providing
highly standardized and confounder-adjusted
results from different cohort studies and reliable
data on subgroups without ecological fallacy [23].
Although causality and the role of a drug interven-
tion cannot be established in a cohort study, these
data represent the best available evidence, as there
is no published or ongoing randomized controlled
trial on this topic to our knowledge. We could
exclude individuals on thyroid- and bone-altering
medication at any time-point in our main and
sensitivity analyses reducing the possibility of
treatment bias.

However, our study has some limitations. First, we
could not assess the association between persis-
tent SCTD and bone loss, as serial thyroid hor-
mone measurements were obtained only in one
cohort. SHyper has an annual spontaneous pro-
gression rate of only 1-2% [16], and SHypo of 3–4%
[6] to overt thyroid disease. In a sensitivity analy-
sis, we accounted for this issue excluding both
bone- and thyroid-altering drug users at any time,
which found an even faster bone loss at the femoral
neck in SHyper. Secondly, the aetiology of SHyper
was not systematically assessed which precluded
further subgroup analyses. Thirdly, available infor-
mation on drug treatment varied somewhat in
detail and time span. However, missingness for
thyroid- or bone-altering drugs at baseline was
negligible (thyroid replacement therapy [0.75%],
anti-osteoporotic agents [1.06%], oral corticos-
teroids [0.76%]). Fourthly, our study population
was older than the general population, which may
reduce the generalizability of our results to younger
individuals with SHyper. Fifth, only the OPUS [36]
offered information on triiodothyronine (T3) levels,
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which made a uniform exclusion of participants
with abnormal T3 values impossible. Thus, some
individuals suffering from T3-toxicosis or nonthy-
roidal illness may have been included in the
subgroup of SHyper. Finally, although we observed
a potential mediating effect of total hip %DBMD in
the association between SHyper and hip fractures,
this secondary analysis was subject to limited
power shown by large confidence intervals.

Conclusion

Hip bone loss was increased in individuals with
SHyper, especially in those with TSH <0.10 mIU/L,
high-normal fT4 levels and SHyper of potentially
endogenous aetiology, compared to euthyroidism.
These results suggest that individuals with SHyper
may be exposed to a greater osteoporosis risk due
to accelerated hip bone loss. Although bone loss
may not solely be responsible for the increased
fracture risk, SHyper would represent a treatable
risk factor.
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APPENDIX

Appendix Methods

Details of statistical approach

Considering the effects of bone- and thyroid-
altering medication on BMD, we conducted the
main analysis on individuals without bone-altering
medication at baseline and provided sensitivity
analyses with (i) additional exclusion of partici-
pants with history of osteoporosis, and previous or
incident hip, spine or nonspine fractures during
observation time, (ii) bone-altering medication at
any time (i.e. at baseline and/or follow-up visits),
(iii) exclusion of both thyroid- and bone-altering
drug users at any time, (iv) exclusion of cohorts
with >20% missing follow-up BMD for %DBMD at
any site (Table A2) and (v) selection of participants
with SHyper and TSH < 0.10 mUI/L to investigate
those with suppressed TSH levels.

Similar to previous IPD analyses [7, 14], we
performed stratified analyses for sex, age and
cohort-specific fT4 quartiles using the same mul-
tivariate regression models as explained above.

When investigating %DBMD as a potential medi-
ator in the association between SHyper and
fractures, we used the same sample as for the
main analysis and conducted a one-step
approach analysis, using a multivariable shared
frailty Cox proportional hazards model controlling
for the same covariates (age, sex, BMI, smoking
status) as in Blum et al. [7]. We added %DBMD
and baseline BMD at the total hip as new
covariates to the multivariable model to assess
changes in risk estimates. Additionally, we
assessed the association between %DBMD at the
femoral neck/total hip (as a continuous variable),
and fractures using a multivariable Cox regres-
sion model adjusting for (i) age and gender, (ii)
age, gender plus BMI, smoking status and dia-
betes mellitus. We then stratified the analysis
according to thyroid status (SHyper versus euthy-
roidism) to examine a potential effect modification
by thyroid status.
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Table A1 Definition of thyroid statusa and measurement techniques/Devices for bone mineral density

Study Subclinical hypothyroidism

Subclinical

hyperthyroidism

Measurement

technique Devices Body sites

Cardiovascular

Health Study

[35]

TSH ≥ 4.5 mIU/L &

TSH < 20 mIU/L, normal

fT4 0.7–1.7 ng/dL (9–

22 pmol/L) or missing fT4

(0/42, 0.0%)

TSH < 0.45 mIU/L &

normal fT4 0.7–

1.7 ng/dL (9–

22 pmol/L) or

missing fT4 (0/17,

0.0%)

DXA Hologic QDR 2000

(Hologic, Bedford,

MA, USA)

Total hip, femoral

neck

Health ABC

Study [32]b
TSH ≥ 4.5 mIU/L &

TSH < 20 mIU/L, normal

fT4 0.8–1.8 ng/dL (10–

23 pmol/L) or missing fT4

(0/228, 0.0%)

TSH < 0.45 mIU/L &

normal fT4 0.8–

1.8 ng/dL (10–

23 pmol/L) or

missing fT4 (0/49,

0.0%)

DXA Hologic QDR 4500,

(Hologic, Bedford,

MA, USA)

Total hip, femoral

neck, lumbar

spine (lumbar

spine subregion)

Osteoporotic

Fractures in

Men (MrOS)

Study [10]

TSH ≥ 4.5 mIU/L &

TSH < 20 mIU/L, normal

fT4 0.7–1.85 ng/dL (9–

24 pmol/L) or missing fT4

(0/77, 0.0%)

TSH < 0.45 mIU/L &

normal fT4 0.7–

1.85 ng/dL (9–

24 pmol/L) or

missing fT4 (0/11,

0.0%)

DXA Hologic QDR 4500,

(Hologic, Bedford,

MA, USA)

Total hip, femoral

neck, lumbar

spine

Osteoporosis and

Ultrasound

Study (OPUS)

[36]

TSH ≥ 4.5 mIU/L &

TSH < 20 mIU/L, normal

fT4 0.7–1.8 ng/dL (9–

23 pmol/L) or missing fT4

(0/4, 0.0%)

TSH < 0.45 mIU/L &

normal fT4 0.7–

1.8 ng/dL (9–

23 pmol/L) or

missing fT4 (0/102,

0.0%)

DXA Hologic QDR 4500,

(Hologic, Bedford,

MA, USA/Lunar

Expert XL (GE

Lunar Corp.,

Madison, WI)

Total hip, femoral

neck, lumbar

spine

Rotterdam Study

[34]

TSH ≥ 4.5 mIU/L &

TSH < 20 mIU/L, normal

fT4 0.9–1.9 ng/dL (11–

25 pmol/L) or missing fT4

(29/84, 34.5%)

TSH < 0.45mIU/l &

normal fT4 0.9–

1.9 ng/dL (11–

25 pmol/L) or

missing fT4 (22/

101, 21.8%)

DXA Lunar DPX,

(Madison, WI, USA)

Total hip, femoral

neck

Sheffield Study

[33]

TSH ≥ 4.5 mIU/L &

TSH < 20 mIU/L, normal

fT4 0.9–1.7 ng/dL (12–

22 pmol/L) or missing fT4

(0/16, 0.0%)

TSH < 0.45 mIU/L &

normal fT4 0.9–

1.7 ng/dL (12–

22 pmol/L) or

missing fT4 (0/4,

0.0%)

DXA Lunar DPX,

(Madison, WI, USA)

Total hip, femoral

neck, lumbar

spine

BMD, bone mineral density; DXA, dual X-ray absorptiometry; fT4, free thyroxine; L, lumbar vertebra; TSH, thyroid-stimulating
hormone.
aFor a better comparability, we used a homogenous definition of TSH ranges based on an expert consensus meeting of the Thyroid
Studies Collaboration (International Thyroid Conference, Paris, 2010), Individual free thyroxine (fT4) cut-off values for each
cohort based on an expert consensus meeting of the Thyroid Studies Collaboration (International Thyroid Conference, Paris,
2010). All BMD values were analysed in g/cm2.

bfT4 was measured only in participants with TSH ≤ 0.10 mIU/L or TSH ≥ 7.00 mIU/L.
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Table A3 Sensitivity analyses for the multivariable-adjusteda association between subclinical hypothyroidism and
annualized change in bone mineral density

N SHypo/

Euthyroidism %DBMD 95% CI I2 P

Femoral neck

Main analysis: Exclusion of bone drug usersb at baseline 448/4700 0.00 �0.12; 0.13 0.0% 0.52

And no history of osteoporosis, and/or previous, and/or

incident fractures

327/3517 �0.03 �0.17; 0.12 0.0% 0.47

Exclusion of bone drug users at any time 330/3559 0.08 �0.06; 0.23 0.0% 0.50

Exclusion of both thyroidc- and bone-influencing drug

users at any time

222/3348 0.08 �0.10; 0.27 1.9% 0.40

Exclusion of cohorts with >20% missing follow-up BMDd 326/2968 0.01 �0.15; 0.17 0.0% 0.59

Total hip

Main analysis: Exclusion of bone drug usersb at baseline 411/4122 0.02 �0.08; 0.12 0.0% 0.48

And no history of osteoporosis, and/or previous, and/or

incident fractures

295/3013 �0.01 �0.12; 0.11 0.0% 0.52

Exclusion of bone drug users at any time 295/3037 0.10 �0.02; 0.22 0.0% 0.78

Exclusion of both thyroidc- and bone-influencing drug

users at any time

192/2844 0.14 �0.01; 0.28 0.0% 0.76

Exclusion of cohorts with >20% missing follow-up BMDd 288/2389 0.05 �0.09; 0.19 0.0% 0.98

Lumbar spine

Main analysis: Exclusion of bone drug usersb at baseline 323/2974 �0.01 �0.34; 0.32 37.7% 0.19

And no history of osteoporosis, and/or previous, and/or

incident fractures

216/1985 �0.10 �0.34; 0.14 0.0% 0.70

Exclusion of bone drug users at any time 220/2069 �0.08 �0.34; 0.18 0.0% 0.82

Exclusion of both thyroidc- and bone-influencing drug

users at any time

141/1930 �0.11 �0.43; 0.21 0.0% 0.80

Exclusion of cohorts with >20% missing follow-up BMDd 243/1619 �0.08 �0.31; 0.15 0.0% 0.54

%DBMD, annualized percentage change in bone mineral density compared to euthyroid individuals, I2, I2 statistics, 95%
CI, 95% confidence intervals; N, number of participants; P, P for heterogeneity; SHypo, subclinical hypothyroidism.
aMultivariable adjustment for age, gender, body mass index, smoking and menopausal status, history of diabetes. Values
presented as mean difference in annualized percentage change in BMD, as compared to euthyroid controls.
bBone drug users with intake of either bisphosphonates, calcitonin, teriparatide, selective estrogen receptor modulators,
oral corticosteroids, thiazide diuretics, androgens, anti-androgens, hormone replacement therapy or proton pump
inhibitors.
cThyroid-altering drug users with intake of either thyroxine, antithyroid drugs, amiodarone or lithium.
dExclusion of the Cardiovascular Health Study [35], Osteoporotic Fractures in Men (MrOS) Study [10], and Osteoporosis
and Ultrasound Study (OPUS) [36] for the sensitivity analysis of %DBMD at the femoral neck and total hip. Additionally, no
data available for %DBMD at the lumbar spine in Rotterdam Study [34].
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Table A4 Secondary analyses on the association between annualized percentage change in bone mineral density (BMD) as a
continuous variable and fracture risk and effect modification by thyroid status (SHyper versus Euthyroidism)

%DBMD femoral neck %DBMD total hip

HR 95% CI

P for

interaction HR 95% CI

P for

interaction

Hip fracturesa

Adjusting for age and gender

SHyper 1.08 0.80–1.47 0.24 1.21 0.77–1.89 0.07

Euthyroidism 0.90 0.83–0.97 0.79 0.71–0.88

Multivariable adjustmentd

SHyper 1.08 0.80–1.46 0.27 1.12 0.72–1.74 0.13

Euthyroidism 0.91 0.84–0.98 0.79 0.71–0.89

Any fracturesb

Adjusting for age and gender

SHyper 0.94 0.80–1.10 0.60 0.88 0.74–1.04 0.57

Euthyroidism 0.90 0.85–0.94 0.83 0.77–0.90

Multivariable adjustmentd

SHyper 0.94 0.81–1.10 0.56 0.88 0.75–1.04 0.58

Euthyroidism 0.90 0.86–0.94 0.84 0.77–0.90

Nonspine fracturesc

Adjusting for age and gender

SHyper 0.93 0.78–1.10 0.85 0.89 0.74–1.09 0.80

Euthyroidism 0.94 0.90–0.99 0.92 0.85–1.00

Multivariable adjustmentd

SHyper 0.94 0.79–1.11 0.87 0.90 0.75–1.09 0.86

Euthyroidism 0.95 0.90–1.00 0.92 0.85–1.00

BMD, bone mineral density; %DBMD, annualized percentage change in bone mineral density compared to euthyroid
individuals; HR, hazard ratio; SHyper, subclinical hyperthyroidism; 95% CI, 95% confidence interval.
aHip fractures comprise pertrochanteric, subtrochanteric and femoral neck fractures. Exclusion of periprosthetic and
pathologic fractures in this region.
bAny fractures comprise both nonspine and radiologically confirmed spine fractures. The Cardiovascular Health Study
could not contribute due to missing information on spine and nonspine fractures other than hip fractures.
cIncident nonspine fractures defined as hip or any other nonpathologic fractures excluding the spinal, cranial/facial and
acral fractures. The Cardiovascular Health Study, Sheffield and Osteoporosis and Ultrasound (OPUS) studies could not
contribute due to missing assessment of any fractures.
dMultivariable adjustment for age, gender, body mass index, history of diabetes mellitus and smoking status.
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Fig. A1 Flow chart of study selection. BMD, bone mineral density; fT4, free thyroxine; IPD, individual participant data; n,
number of studies
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Fig. A2 Subclinical hyperthyroidism and annualized percentage change in femoral neck bone mineral density compared to
euthyroid individuals. Multivariable adjustment for age, sex, bone mass index, smoking and menopausal status, history of
diabetes. Values presented as mean difference in annualized percentage change in BMD (%DBMD), as compared to
euthyroid controls. I2, I2 statistics; P, P for heterogeneity; 95% CI, 95% confidence intervals.
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