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Normal thyroid function tests and fracture risk

Thyroid function tests in the reference range andracture: individual
participant analysis of prospective cohorts

Carole E Aubert, MD,Carmen Floriani, MD,Douglas C Bauer, MBBruno R da Costa,
PhD2* Daniel Segna, MD,Manuel R Blum, MD} Tinh-Hai Collet, MD? Howard A Fink, MD,
MPH.®” Anne R Cappola, MD, ScRILamprini Syrogiannoulf,Robin P Peeters, MD, PhD,
Bjgrn O Asvold, MD, PhO°*Wendy PJ den Elzen, PHDRobert N Luben, PhE? Alexandra
P Bremner, PhD? Apostolos Gogakos, MD, PhiS Richard Eastell, MD® Patricia M Kearney,
MD, PhD, MPH!" Mari Hoff, MD, PhD!®*®Erin Le Blanc, MD, MPH;>*° Graziano Ceresini,
MD, PhD?"??* Fernando Rivadeneira, MD, PRAndré G Uitterlinden, PhD Kay-Tee Khaw,
MD,** Arnulf Langhammer, MD, PhEf David J Stott, MD, PhB® Rudi GJ Westendorp, MD,
PhD? Luigi Ferrucci, MD, Ph¥® Graham R Williams, MBBS, Phi,Jacobijn Gussekloo,
MD, PhD*?® John P Walsh, MBBS, Ph1):*® Drahomir Aujesky, MD, MS¢,Nicolas Rodondi,
MD, MAS,**for the Thyroid Studies Collaboration.

! Department of General Internal Medicine, InselabiBern University Hospital, University of Bernyigzerland;?
Departments of Medicine and Epidemiology & Biostids, University of California, San Francisco, tid States;
3Institute of Primary Health Care (BIHAM), Univergiof Bern, Switzerland'Department of Cardiology, Swiss
Cardiovascular Center Bern, Bern University Hospitgern, Switzerland’Service of Endocrinology, Diabetes and
Metabolism, University Hospital of Lausanne, LausarSwitzerland® Geriatric Research Education & Clinical
Center, Veterans Affairs Health Care System, Mipo#s, United States;Department of Medicine, University of
Minnesota, Minneapolis, United Statésjniversity of Pennsylvania School of Medicine, Btiélphia, PA, United
States? Department of Internal Medicine & Department of @giniology, Erasmus University Rotterdam,
Rotterdam, The Netherland$Department of Public Health and Nursing, NTNU, Negian University of Science
and Technology, Trondheim, NorwayDepartment of Endocrinology, St. Olavs Hospitabridheim University
Hospital, Trondheim, Norway?Leiden University Medical Center, Department of@al Chemistry and
Laboratory Medicine, Leiden, The Netherlantfepartment of Public Health and Primary Care, Uniity of
Cambridge, Cambridge, United KingdoMSchool of Population Health, University of Westarstralia, Crawley,
WA, Australia;**Molecular Endocrinology Laboratory, Department oédiicine, Imperial College London,
London, United Kingdont® Department of Human Metabolism, University of Stleff Sheffield, United Kingdom;
"Department of Epidemiology and Public Health, Urity College Cork, Cork, Ireland? Levanger Hospital,
Nord-Trendelag Hospital Trust, Levanger, Norw&Department of Public Health and General Practice,
Norwegian University of Science and Technold§genter for Health Research NW, Kaiser Permaneruetldhd,
OR, USA? Department of Clinical and Experimental Medicinesriatric Endocrine Unit, University Hospital of
Parma, Parma, Italy?’ Department of Clinical and Experimental Medicineriatric Endocrine Unit, University
Hospital of Parma, Parma, Italy?Institute of Cardiovascular and Medical Sciencesjvérsity of Glasgow,
United Kingdom?*Department of Public Health, University of CopeneagCopenhagen, DenmarfRNational
Institute of Health, Bethesda, United Stafé&epartment of Gerontology and Geriatrics, Leiderivensity
Medical Center, Leiden, The Netherlan&sDepartment of Endocrinology and Diabetes, Sir GémGairdner
Hospital, Nedlands, WA, United Stat&School of Medicine and Pharmacology, UniversityMafstern Australia,
Crawley, WA, Australia.

Received 31 January 2017. Accepted 26 April 2017.

Context

Hyperthyroidism is associated with increased fractisk, but it is not clear if lower TSH and
higher free thyroxine (FT4) in euthyroid individaare associated with fracture risk.
Objective

To evaluate the association of TSH and FT4 witldeerat fractures in euthyroid individuals.
Design
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Individual participant data analysis.

Setting

Thirteen prospective cohort studies with baselisn@nationsdbetween 1981 and 2002.

Participants

Adults with baseline TSH 0.45-4.49 mIU/L.

Main Outcome Measures

Primary outcome was incident hip fracture. Secopdatcomes were any, non-vertebral, and
vertebral fractures. Results were presented asdhaatios (HR) with 95% confidence interval
(Cl) adjusted for age and sex. For clinical releemwe studied TSH according to five
categories: 0.45-0.99mIU/L; 1.00-1.49mIU/L; 1.5@2mIU/L; 2.50-3.49mIU/L; 3.50-
4.49mlU/L (reference). FT4 was assessed as stughjifgpstandard deviation increase, because
assays varied between cohorts.

Results

During 659,059 person-years, 2,565/56,835 partitgohad hip fracture (4.5%; 12 studies with
data on hip fracture). The pooled adjusted HR (@3Y4or hip fracture was 1.25 (1.05-1.49) for
TSH 0.45-0.99mIU/L, 1.19 (1.01-1.41) for TSH 1.0@9mIU/L, 1.09 (0.93-1.28) for TSH 1.50-
2.49mIU/L, and 1.12 (0.94-1.33) for TSH 2.50-3.48hl (P for trend = 0.004). Hip fracture
was also associated with FT4 (HR [95%CI] 1.22 [11135] per one standard deviation increase
in FT4). FT4 only was associated with any and nertebral fracture. Results remained similar
in sensitivity analyses.

Conclusions

Among euthyroid adults, lower TSH and higher FTd associated with an increased risk of hip
fracture. These findings may help refine the d&bniof optimal ranges of thyroid function tests.
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In an individual participant data analysis of 13 prospective cohorts, lower thyroid-stimulating hormone
within reference range and higher FT4 were associated with an increased hip fractures risk.

INTRODUCTION

Overt hyperthyroidism is a well-known risk factor fracture and is associated with decreased
bone mineral density (BMD) (1). We recently showleat subclinical hyperthyroidism was also
associated with increased fracture incidence [Ryrdid hormones stimulate bone turnover
acting directly and indirectly on osteoclasts aatéoblasts (3). Anabolic action is net during
growth, but in adults, catabolic action leads teader bone loss and higher fracture risk (3).
Thyroid hormones might also decrease musculargitieand coordination, and increase the risk
of fall (4, 5). Administering TSH reduces bone mggion and increases bone formation in post-
menopausal women monitored for thyroid cancer@®hversely, high TSH levels can degrade
bone quality by increasing cortical, rather thabécular bone.

The reference range for thyroid function testsuttigroidism” — is defined by the 2.5 to 97.5
percentiles in an apparently healthy populationweher, the studies from which TSH reference
range was derived did not exclude participants watult or underlying disease, e.g. those with
positive anti-thyroid antibodies, which might bihg reference range towards higher TSH values
(7, 8). In medicine, reference ranges can be deffreem normative data, as for thyroid function
tests, or preferably determining levels associatigd important risks or outcomes, as for lipids,
or blood pressure.

TSH within the lower reference range has been &solcwith osteoporosis and fracture
mostly in cross-sectional studies of healthy postiapausal women, but prospective data are
limited and conflicting (5, 9-13). If we can betterderstand the association between TSH and
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health outcomes, we could make more accurate dssméfracture risk, which would help
refine thyroxine treatment targets. We hypothesthatllower TSH and higher FT4 in euthyroid
participants were associated with increased ridkaotures. We therefore aimed to assess the
association between TSH within the reference rafnge,thyroxine (FT4), and fracture risk by
analyzing individual participant data (IPD) of pdgtion-based prospective cohort studies
participating to the international Thyroid Stud@sllaboration (2, 14).

METHODS

Data source, searches and study selection
The study protocol was registered on PROSPERO fwristudy conduct (available on
http://www.crd.york.ac.uk/PROSPERO; registratiomier: CRD42016039125).

We updated our previous systematic literature $eavbich had identified in Ovid
(MEDLINE) and EMBASE from inception to March 2018 prospective cohorts of adults with
baseline TSH and FT4 measurement and follow-upuatiah for incident fracture (2).
Additionally, we searched for studies with partaips with only euthyroidism, which may have
been omitted in our initial search. Our Ovid (MEDIH) and EMBASE search (until
05/19/2016) used following medical search terenghyroid, euthyroidisror normal TSHand
fracturesor osteoporosisAfter retrieving studies according to titles atubtracts, two authors
(C.E.A. and D.S.) independently reviewed full-teidonfirm study eligibility. Disagreements
were resolved by consensus with a third author (N\Re also requested unpublished fracture
data from all cohorts of the Thyroid Studies Catiedtion (2, 14-17). Exclusion criteria were: 1)
cohorts using first-generation TSH assays becdesetassays were not sensitive enough; 2)
studies with only participants aged <18 yearst@lies with only participants with thyroid
medication (thyroxine or anti-thyroid drugs); 4)dies with only participants with TSH outside
the reference range (<0.45mlU/L or >4.49mlU/L); abdstudies exclusively on participants
after thyroid surgery. Agreement between reviewas 100% (K =1.00). For the IPD analysis,
we included all participants aged8 years at enroliment with measured TSH at baselin
evaluation, and fracture assessment, as defineavbat follow-up.
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Data extraction and quality assessment

If the cohorts identified met our eligibility crii@, they were invited to provide IPD. Each study
was approved by its local ethics committee. Alitisgyants gave informed consent for the
original studies. We collected information on demamipics, anthropometrics, medications, other
risk factors for fracture, history of thyroid disi@rs, BMD and incident fracture.

Risk of bias and study quality were independergeased by C.E.A and D.S., using the
following Newcastle-Ottawa Quality Assessment Sdales (18): 1) cohorts selection; 2)
cohorts representativeness; 3) ascertainment afsexe; 4) availability of relevant confounding
factors for adjustment; 5) outcome assessment lmasebjective fracture assessment, with
adjudication procedure for fractures other than @)dength of follow-up; 7) adequacy of
follow-up; 8) researchers/participants/physiciatsding to thyroid values; and, 9) publication
status. In sensitivity analyses, we excluded cattbit did not meet one or more item(s).

Data synthesis and analysis
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Definition of thyroid function

All included studies used a third-generation TS#ioenmunoassayDetails on the assays used
for TSH and FT4 measurement are describeslipplemental Table 1 To maximize
comparability, we used uniform TSH thresholds basegreviously established thresholds, as
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done in previous reports of the Thyroid Studiesl&wmlration (2, 14). We defined euthyroidism
as TSH 0.45-4.49mIU/L. For clinical relevance, wearated TSH values into five categories:
0.45-0.99mIU/L; 1.00-1.49mIU/L; 1.50-2.49mIU/L; D£.49mIU/L; 3.50-4.49mIU/L. The later
was used as reference category because we hyettielsased on our previous publication (2),
that lower TSH might be associated with highertirexrisk. Because of different FT4 reference
ranges across studies, we used standard devi&idréther than specific cut-offs. FT4 was
available for all but two studies in the euthyroaghge (19, 20).

Definition of outcomes

Our primary outcome was incident hip fracture, idthg femoral neck, pertrochanteric, and
subtrochanteric fractures, as previously defingdB#efly, we excluded pathologic (i.e.
associated with metastasis or rare bone diseadg)aiprosthetic fractures. Any, non-vertebral
and clinical vertebral incident fractures were selay outcomes. We excluded 1) vertebral
fractures diagnosed with only radiologic imagindgéep focus on clinical relevance; 2) cervical
and sacral vertebral fractures because fracturd®se locations are usually associated with
trauma rather than osteoporosis. “Any fracturesfuded fractures at any location, except for
skull, face, ankle, finger, or toe, since thesermterelated to osteoporosis. “Non-vertebral
fractures” was the same as “any fractures” exdeptdluded vertebral fractures. For any and
non-vertebral fractures, we excluded cohorts tbl¢cted fracture data on only part of the
skeletonSupplemental Table 2describes fracturdefinitions by study.

Statistical analyses

We used a shared frailty Cox regression model vaitidlom-effects at study level to conduct an
IPD meta-analysis, which used data from all inctiidehorts to assess the relationship of
incident fractures with TSH categories and FT4peetively (21, 22). The random-effects
accounted for the between-study variation causediffigrent definitions of TSH reference range
across the studies, incorporating the extra uniogytan the confidence intervals. We used
Schoenfeld residuals to test the proportional-teszassumption (23). Results were presented as
hazard ratios (HR) compared to the reference categone-to-event was defined for each
outcome from baseline TSH measurement to firstdracevent. We adjusted primary analyses
for age and sex, and then for other risk factorgrécture (body mass index [BMI], smoking,
and history of diabetes), because they might medett association between thyroid function
tests and fractures. We conducted following preaefisensitivity analyses: 1) excluding
participants with thyroid medication (thyroxineamti-thyroid medication) at baseline; 2)
excluding participants with thyroid-altering medica at baseline (thyroid medication, oral
corticosteroids, amiodarone, iodine); 3) excluddagticipants with anti-fracture medication at
baseline (bisphosphonate, calcitonin, selectiveogsh receptor modulator, parathyroid
hormone); 4) including only studies with formaldtare adjudication; 5) including only studies
that uniformly defined fractures (except for hipdture, since it has a common definition and is
rarely reported in error); 6) excluding cohortshwlibss to follow-up rates >5%; 7) excluding
participants who developed overt or subclinicardiny dysfunction over time; 8) including only
participants with TSH remaining within the referemange during follow-up; and 9) further
adjusting for BMD, which reflects bone loss and rbaya potential mediator between TSH or
FT4 and incident fractures. In this last analysis,used BMD as a continuous variable, and
included only studies that used dual energy X-tasogptiometry (DXA) devices with femoral
neck BMD for hip fractures (available for six stesl) (5, 10, 14, 24-26), lumbar spine BMD for
vertebral fractures (available for one study) (Ed)] whole body BMD for any fractures
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(available for one study) (10) . We conducted pfiedd stratified analyses by sex, age (<75
versus>75 years), and duration of follow-up (<5 versiisyears).

For the FT4 analysis, we used the whole range df\Rlues including only participants with
TSH within the reference range. FT4 values werevedad to ng/mL (12.87pmol/L = 1ng/mL).
We used study-specific SD to assess fracture gslope SD increase in FT4 because FT4
assays varied between cohorts (14). We performeddme sensitivity and stratified analyses as
for TSH.

We used STATA release 13.1 for all analyses (StaaCP, College Station, Texas). All
tests were two-sided, at a 0.05 level of signifazan

RESULTS

Our updated literature search identified nine aold#l reports $upplemental Figure 1 (2).
Eight of them concerned studies already identifiredur previous search (2). The newly
identified study (Study of Osteoporotic Fracturd®) agreed to participate. We excluded the
Nagasaki Adult Health Study (27), because it ugstt§eneration TSH assays, which have a
low functional sensitivity (ImIU/L) (28). For theme reason, this study had been included in
our previous work (2) only in the analysis on sutichl hypothyroidism, but not on subclinical
hyperthyroidism (16). We included thirteen studi®esl0, 14, 17, 19, 25, 26, 29-34) from the
USA, Europe, and Australia with 61,959 participaatsd a median duration of follow-up of 12.1
years (interquartile range [IQR] 8.5-12.9), totgl669,059 person-years. Median age was 64
(range 18-102) with 60.5% womenapble 1). Median (IQR) TSH was 1.60mIU/L (1.10-2.30);
3.1% of participants used thyroid medication atbas and 5.5% during follow-up; 17.7% had
a TSH 0.45-0.99mIU/L, 24.8% 1.00-1.49mIU/L, 37.4%QL2.49mIU/L, 14.2% 2.50-
3.49mIU/L and 5.9% 3.50-4.49mlU/L. Hip fracture aoed in 2,565 participants (4.5%; 12
studies), any fracture in 2,333 (8.9%; 9 studiesph-vertebral fracture in 1,874 (8.5%; 9
studies), and vertebral fracture in 263 (1.3%udists). Overall quality was good
(Supplemental Table 3: one study reported loss to follow-up >5% (Surfdid not perform
formal fracture adjudication (25, 29, 32, 33), ameke had not published fracture data in a
separate manuscript (17, 29, 33).

Tests of the proportional-hazards assumption oméses of Schoenfeld residuals indicated
that assumptions were met for all analyses Q.11 for all).

THE JOURNAL OF CLINICAL
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Thyroid function and hip fractures

Compared with the reference group (TSH 3.50-4.49hjlpooled age- and sex-adjusted HR
(95% CI) for hip fracture was 1.25 (1.05-1.49) 1@H 0.45-0.99mIU/L, 1.19 (1.01-1.41) for
TSH 1.00-1.49mIU/L, 1.09 (0.93-1.28) for TSH 1.5@2mIU/L, and 1.12 (0.94-1.33) for TSH
2.50-3.49mIU/L P for trend 0.004Figure 1). After adjusting for BMI, smoking status, and
history of diabetes, HR (95% CI) was 1.24 (1.039) #r TSH 0.45-0.99mIU/L compared with
the reference group, while HR (95%CI) for TSH 11089mIU/L was somewhat attenuated and
no longer statistically significant (1.15 [0.97-8]8 The risk of hip fracture in participants with
TSH 0.45-0.99mIU/L remained significantly higheralh sensitivity analyses, and was even
higher after adjusting for femoral neck BMDable 2). For TSH 1.00-1.49mIU/L, the risk of
hip fractures remained significantly higher ingghsitivity analyses, except after adjusting for
femoral neck BMD, or after excluding participantshathyroid-altering medication at baseline.
This association remained not significant for TSB012.49mIU/L, or TSH 2.50-3.49mIU/L. We
found no significant interaction for sex, age, aration of follow-up Supplemental Figure 3,
although confidence intervals were larger and pestimates smaller for age <75 years and
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follow-up <5 years. Conversely, there was signiftdateraction for publication status with a
HR (95% CI) of 1.35 (1.13-1.61) for the ten studiest published risk of hip fracture associated
with thyroid function tests in a separate manuscapd 0.44 (0.21-0.90) for the two studies (17,
29) that did not previously publish hip fracturd¢alassociated with thyroid function tests in a
separate article™(for interaction 0.0001Supplemental Table 3.

The HR (95% CI) for hip fracture was 1.24 (1.127).Ber one SD increase in FTHEidure
2). We found no significant interaction with sexeagduration of follow-up, or publication status
of hip fracture dataHigure 2, Supplemental Table 3, although point estimate was smaller
when follow-up was <5 years. All sensitivity anagsyielded similar result3 &ble 2). In the
25,760 participants of the five cohorts with avialiéadata on thyroid function tests during
follow-up (25, 29, 31-33), 146 (0.6%) participadeeloped subclinical hyperthyroidism and 46
(0.2%) overt hyperthyroidism. When we included oatylogenous forms of thyroid dysfunction
(i.e., participants without thyroxine use at baseliN=25,049), 102 (0.4%) and 25 (0.1%)
participants developed subclinical and overt hypedidism, respectively. The HR (95% CI) for
hip fracture for TSH 0.45-0.99mIU/L compared wiltte treference group was 1.70 (1.13-2.57) in
the sensitivity analysis including only participsmtith TSH remaining within the reference
range (four cohorts with data on hip fracture dnadid function tests during follow-up) (25, 29,
31, 32).

Thyroid function and any, non-vertebral, and vertebral fractures

For all TSH categories when compared with the ezfee group, we found no significant
association for any, non-vertebral, or vertebrattures Supplemental Table 5. The HR (95%
Cl) per one SD increase in FT4 was 1.08 (1.02-1fd5any fracture, and 1.10 (1.03-1.18) for
non-vertebral fracture. These associations remasiggtficant in most sensitivity analyses
(Table 3), except when adjusting for BMD. Association betwé-T4 and vertebral fracture was
not statistically significant, possibly becausehs lower number of datd éble 3). We found

no significant interaction in the analyses stratifby sex, age, duration of follow-up, or
publication status for any of these fracture outesifiable 3, Supplemental Table 3.

DISCUSSION

In this analysis of 61,959 euthyroid participantshirteen prospective cohorts with 659,059
person-years of follow-up, lower TSH levels withine reference range were associated with
increased risk of hip fracture, and higher FT4 lewath increased risk of hip, any, and non-
vertebral fracture.

While overt and subclinical hyperthyroidism havembassociated with increased fracture
risk (1, 2), previous studies on the relationshepaeen TSH within the reference range and
fracture risk had conflicting results. The Claliédlth Services, a large historical cohort study,
found a borderline increased incidence of hip freewith TSH 0.35-1.6mIU/L when compared
with TSH 1.7-2.9mIU/L, but in women only (odds mafp5%CIl] 1.28 [1.03-1.59]), while the
association with other osteoporotic fractures wasstatistically significant (11). A small cross-
sectional study (N=129) found an association betvee® TSH and vertebral fracture (12). The
Cardiovascular Health Study found no significarsioasation between TSH within the reference
range or FT4 assessed as continuous variablesfiddéture (13), but, consistent with our
findings, curves bent with an increased fractusk for TSH <1.5mlIU/L and for FT4
>1.4ng/mL. Our thorough IPD analysis across mudtgiospective cohorts confirms the
association between low TSH and hip fractures,andssociation between high FT4 and all but
vertebral fractures in participants with TSH withime reference range, suggesting that even a
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modest increase in thyroid hormone levels amonigyeoid adults is associated with higher
fracture risk.

Our study was strengthened, first, by an IPD amalygt allowed us to standardize the
definitions of predictors and outcomes, adjustsiarilar potential confounders, and avoid
aggregation bias for subgroup analyses. This wabélt way to perform time-to-event analysis.
Second, our study is the largest to assess fragtkren prospective cohorts with TSH within the
reference range. Third, we included all internatiqgrospective cohorts available on this topic,
since all the studies we identified agreed to pigdite.

Our study had several limitations. First, our pgpioh consisted mostly of Caucasians and
included few young adults. Second, thyroid functiests were performed only at baseline in
most cohorts, so we may have included adults wieo teeveloped subclinical or overt thyroid
dysfunction. However, our sensitivity analysis udihg only participants with persistent TSH
within the reference range yielded an even stroagsociation between low TSH and hip
fracture. In addition, other participants may hbaad a non-thyroidal illness, a potential cause of
suppressed TSH; however, the prevalence of nowittafriliness was likely low as we only
studied community-dwelling adults. Third, fracturmesre adjudicated in nine of thirteen cohorts,
and we could not uniformly define each fracturestggross all cohorts. Nevertheless, sensitivity
analyses limited to cohorts with the most unifoantéire definitions or adjudicated fracture
yielded similar results. Fourth, we did not knoadiure mechanism, but we excluded
pathological fractures and fracture locations tgfpycnot associated with osteoporosis to reduce
bias related to traumatic fractures. Fifth, datdrantures other than hip location were available
in a more limited number of studies, reducing thenber of outcomes and the related power to
identify associations. Sixth, we had no informatmmother factors that may have influenced
bone integrity or accounted for variations in ciatuing TSH or FT4, such as nutrition or
deiodinase activities. Finally, thyroid antibodigsre not systematically measured and their
potential impact on bone metabolism could not lsessed.

Our findings may have two important clinical img@ltons. First, TSH reference range is still
a matter of debate (35). TSH reference range wieetnhdefined in a population that included
persons with occult or underlying thyroid diseages). TSH between 0.4 and 2.5mIU/L is
associated with a lower incidence of thyroid dystion (36), but previous studies showed
various adverse outcomes associated with subdlitngeoid dysfunction (14-16), and with TSH
at both extremities of the reference range (eghdririsk of cardiovascular disease with high
TSH/low FT4, and higher risk of fractures, oste@sis, and dementia with low TSH/high FT4)
(9, 13). There may be optimal values of thyroiddhion tests within the reference range.

Second, similar to previous studies showing stroagsociation of adverse outcomes with
FT4 than TSH (37, 38), FT4 was associated with dniyy, and non-vertebral fracture, while TSH
was associated only with hip fracture. TSH anddld/hormones may act differently on
peripheral organs, including bones: TSH may aabsiroblasts and osteoclasts via specific
receptors (3), while thyroid hormones may act agdttissues via nuclear receptors controlled
locally by deiodinases (3, 39, 40). This may explahy TSH and FT4 are associated with
different fracture types. FT4 may therefore helpleate osteoporosis and fracture risk, which is
now usually done with the World Health OrganizatifiRAX score, but future studies should
determine if adding FT4 improves clinical accuratyhis score. Of note, FT4 was not
significantly associated with vertebral fractureeCexplanation may be that FT4 acts differently
on vertebral bone. It may however also be duedk ¢td power, as we could include about ten
times fewer vertebral than other fractur€alfle 3).
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We may have expected a stronger association dufedsk with TSH and FT4,
respectively, after excluding participants withribig medication at baseline, but the risk was
only slightly increased, probably because of the hamber of participants with thyroid
medication at baseline (N=1897, 3%).

In conclusion, analyzing individual data of 61,%fults from thirteen large prospective
cohorts, we found that TSH at the lower extremitthe reference range was associated with
higher risk of hip fractures, and high FT4 with lneg risk of hip, any, and non-vertebral
fractures. Our findings may help refine the curmgfinition of optimal thyroid function.
Meanwhile, clinicians should be aware that loweHTé&d higher FT4, even within the
reference range, are associated with an incregdedfrhip fracture.
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Figure 1. Title: Risk of hip fracture according to thyroid-stimufegihormone categories.
Legend Abbreviations: Cl, confidence interval; HR; hakaatio; No., number; TSH, thyroid-
stimulating hormone. Data on hip fractures werdlalske for 12 studies (all except PROSPER).

Figure 2. Title: Risk of hip fracture per one standard deviatiomease in free thyroxine,

overall and stratified by sex, age, and duratiofolbdw-up. Legend: Abbreviations: Cl,
confidence interval; FT4, free thyroxine; Health @BHealth, Aging and Body Composition;
HR; hazard ratio; No., Number; SOF, Study of Osteofic fractures, TSH, thyroid-stimulating
hormone. The analysis stratified for sex was adpibr age. All other analyses were adjusted
for age (as a continuous variable) and sex. FT4memsured in all studies but SOF and Health
ABC Study (FT4 not measured in participants wittHMithin the reference range). Data on hip
fractures were available for 10 studies with meaduiT4 (all except PROSPER).

Table 1.Study population and baseline characteristics @ptuticipants in the 13 included
studies (n=61,959)

Thyroid Thyroid
D inti Numbe Age ng'_' medicatio | medication Start of Duration of
Study name, ofez(t:LrjlcFij 1on r of median | Women, mi a n at during follc?vrv-g follow-up, Person-
place o ulat?:)n particip (range)* No. (%) mILJ/ baseline, | follow-up, car P, median years
pop ants 9 L No. No. y (IQR), years”
wWti | wt.8
Busselton Health
Study, Australia | Adults 1,007 | 5L (18| 919 us2)| 142| 10005 1508 1981| 20076 | 33581
(29) 90) 20.0)
Adults with
CHS, USA (4 ) 71 (65- 1,694 . 12.9 (7.5-
communities) (25) M_ec_ilggre 2,853 100) (59.4) 2.03 145 (5.1)|] 299 (10.5) 1989-1990 18.9) 36,466
eligibility
EPIC-Norfolk
Adults aged 58 (40- | 6,365 ) 12.4 (11.7-
(Sstg;dy, England 45-79y 11,986 78) (53.1) 1.70 275 (2.3) NA 1995-1998 13.3) 142,951
Adults aged
Health ABC A
Study, USA (4 Kﬂoégié;’;’}“h 2347 7481(;59' (14’3665) 199 | 177 (75)| 383(3.9) 1997 121'; (28)'1' 24794
communities) (14)] .. - : .
eligibility
HUNT Study, 57 (19-| 21,186 12.2 (11.6-
Norway (3l)ﬂ Adults 31,388 99) (67.5) 1.60 999 (3.2) NA 1995-199)7 12.8) 345,517
INCHIANTI Adults aged 71 (21
Study, ltaly (17) | =68y 1066 | “1o5 590659 138] 17016 2826 1998| 9.1(7B9 8562
Leiden 85-Plus
Study, The Adults aged | j56 | 85 (85| 593 6a3)| 166] 6(1.3)| 1124 1997-1doms22-81)| 2411
85y 85)
Netherlands (32)

13
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MrOS, USA (6
clinical centers) | Menaged | g 410 | 78 651 Aimen | 1.97| 83(5.9)| 9869 2000-20p2 111 @1 | 13568
(10) >65y 99) 11.8)
OPUS, Germany, | Women aged 63 (20-
France, UK (5§* | 20-80y 1,205 80) Allwomen| 0.96 | 0(0.0) NA 1999-200] 6.0 (5.8-6.3) 7,179
PROSPER, Older adults
Ireland, Scotland, | at high 75 (69- 2,527
The Netherlands. | cardiovasculal 5124 83) (49.3) 1.75 | 135(2.6)] 163 (3.2 1997-19993.2 (3.0-3.5) 15,833
(33) risk
Rotterdam Study,
The Netherlands | Adufts@ged | g1, | 68 (85| 657 5o.4)| 154 21(13) NA | 1989-1092 152(104- | 5 455
(34) >55y 93) 16.2)
Sheffield Study, | Women aged 63 (50- 10dq 10.0(5.5-
England (26) 50-85y 291 86) Allwomen| 2.00 | 2(0.7) 9(3.1) | 1990-1991 10.0) 2,301
SOF, USA (4 71 (65 14.3 (9.8
clinical centers) | Women >65y| 314 (65 | Allwomen| 150 | 15 (4.8) NA 1986-199B V' 4 4,433
88) 19.8)
@aott
64 (18- | 37,506 1,885 . 12.1 (8.5-
Overall 13 cohorts 61,959 102) (60.5) 1.60 (3.1) 831 (5.5) | 1981-2002 12.9) 659,0591%

Abbreviations: CHS, Cardiovascular Health Studyt&REuropean Prospective Investigation of Cancesltt
ABC, Health, Aging and Body Composition; HUNT, Nefdandelag Health Study; INCHIANTI, Invecchiare in
Chianti; IQR, interquartile range; MrOS, Osteopiaréiractures in Men Study; No., number; OPUS, Qsbeosis
and Ultrasound Study; PROSPER, Prospective Stu@#yafastatin in the Elderly at Risk; SOF, Study of
Osteoporotic Fractures; TSH, thyroid-stimulatingrhone; UK, United Kingdom; USA, United States of érica,;
y, years.

* We excluded participants younger than 18y.

T Thyroid medication was defined as thyroxine oi-&mtroid medication.

F Data on thyroid medication at baseline was mis&n@55 participants in the HUNT Study, 59 partanigs in the
MrQOS, one participant in the Rotterdam Study, foarticipants in the SOF and seven participantbénHealth
ABC Study.

§Data on thyroid mediation at follow-up was missfog243 participants in the MrOS, 96 participamtghe
INCHIANTI Study, 45 participants in the Sheffieltu8ly, and all participants in the HUNT Study, ERIGFfolk
Study, Rotterdam Study, OPUS and SOF.

' Duration of follow-up was defined as the maximuanation of follow-up that was available, i.e. tivae to the
first hip (or any if unavailable) fracture or censtate/death.

TWe included participants excluded from the origiawicle of the HUNT Study (participants <40y, wjitevious
fracture and/or with previous thyroid disease),chiexplains the different number of the sample.

** We included only the thyroid hormone sub-studyhef OPUS, which excluded participants on thyroid
medication.

TTWe included only a subsample of the SOF, i.e.ptiméicipants with TSH measurement at baseline.

Tt It was calculated as time to hip fracture; for BROSPER, it was calculated as time to any fractinee data
on hip fracture was unavailable.
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Table 2: Sensitivity analyses for the risk of hip fractusearding to thyroid-stimulating
hormone and free thyroxine

ADVANCE ARTICLE

Analysis by TSH category* Analysis by SD increase in FT#
No. of events/| Hazard ratio (95% No. of events/| Hazard ratio (959
participants cnt participants cNng
Main analysis 610/13,390 | 1.25 (1.05-1.49 542/20,63 1.4 (1821
Medication use
Excluding participants with thyroid medicationtetseliné 557/12,728 1.28 (1.06-1.53 526/20,154 1.26 (1.181
Excluding participants with thyroid-altering mediion at 542/12,396 1.28 (1.07-1.55 506/19,674 1.26 (1.18)1
baselin
Excluding participants with anti-fracture medicatiat baselin* [  605/12,739 1.27 (1.07-1.52 539/20,563 1.24 (1.83)1
- Definition of fracture
ill Including only studies with formal fracture adicationt T | 496/12,048 | 1.31(1.06-1.60) 416/17,913 1.21 (1.8B)1
Other
Excluding one study with loss to follow-up >5% | 606/12,748 | 1.26 (1.05-1.50) 536/19,463 1.24 (13771
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BMD

Further adjusting for femoral neck BMD at base$§ | 9472020 | 168(1.08-2.61) | 142/4147 | 1.22(1.01-147
Abbreviations: BMD, bone mineral density; CHS, Gawascular Health Study; ClI, confidence intervePIE€,
European Prospective Investigation of Cancer; Feg thyroxine; Health ABC, Health, Aging and Body
Composition; HUNT, Nord-Trgndelag Health Study; HIBNTI, Invecchiare in Chianti; MrOS, Osteoporotic
Fractures in Men Study; No., number; OPUS, Ostamgisiand Ultrasound Study; PROSPER, Prospectivay$ti
Pravastatin in the Elderly at Risk; SD, standandat®n; SOF, Study of Osteoporotic Fractures; T8hroid-
stimulating hormone.
All analyses were adjusted for age (as a continwatiable) and sex. Data for hip fractures werelakke for 12
cohorts (all but PROSPER).
* We present a selected analysis for the TSH cateyydf+0.99mIU/L compared with the reference categdEH
3.50-4.99mIU/L). No. are for participants in thdsxh TSH categories only.
T FT4 was measured in all studies but the SOF amétdalth ABC Study (FT4 not measured in participavith
TSH within reference range).
FHazard ratios are for TSH 0.45-0.99mIU/L, companétth the reference group 3.50-4.99mIUI/L.
§Hazard ratios are per one standard deviation isergaFT4.
I Thyroid medication was defined as thyroxine oi-gmtroid medication.
TThyroid-altering medication included oral corticerstid, amiodarone, iodine, thyroxine, or anti-thigiro
medication.
** Anti-fracture medication was defined as bisphosgib@ncalcitonin, selective estrogen receptor madular
parathyroid hormone.
TTEPIC-Norfolk Study, HUNT Study, INCHIANTI Study, S, OPUS, Rotterdam Study, Sheffield Study, Health
ABC Study, and SOF (Health ABC Study and SOF onlthe TSH analysis).
1t OPUS.
88 Femoral neck BMD at baseline was available in foilg studies: CHS, MrOS, Rotterdam Study, Sheffield
Study, OPUS, Health ABC Study.
P articipants within the TSH category 3.50-4.49mIbAd lower femoral neck BMD at baseline than picts
within the TSH category 0.45-1.50mIU/L (mean [SDJ77g/cni [0.16] versus 0.79 g/chi0.15], respectivelyP =
0.002), which explains the higher hazard ratioraftusting for femoral neck BMD at baseline.
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Table 3.Sensitivity and stratified analyses for the riskaal/, non-vertebral, and vertebral
fractures, per one standard deviation increaseesthyroxine

Any fracture * Non-vertebral fracture T Vertebral fracture

No. of Hazard ratio| No. of events/ | Hazard ratio (959
events/

participant (95% Cl) participants Cl)

Main analysis | 1,629/22,977[1.08 (1.0-1.15) 1,273/19,100..10 (1.0-1.18) 129/17,711 [1.06 (0.8-1.30)
SENSITIVITY ANALYS
Medication use
Excluding
participants wit
thyroid 1,552/22,440[1.09 (1.0-1.16) 1,240/18,691.14 (1.0-1.23) 125/17,309 [1.08 (0.8+-1.37)
medication at
baseline§
Excluding
participants wit|

thyroid-altering| 1,537/21,976[1.09 (1.0-1.15) | 1,200/18,254.11 (1.0-1.19) 125/16,868 [1.07 (0.8-1.32)
medication at

baselincg
Excluding
participants wit

anti-fracture 1,622/22,927[1.08 (1.0-1.15) 1,263/19,038.10 (1.0-1.18) 127/17,666 [1.05 (0.8-1.29)
medication at

baselind
Definition of fracture
Including only]

studies with 1,026/15,805[1.11 (1.0-1.19) 1,111/17,208.11 (1.0-1.19) 113/15,806 [1.07 (0.8+-1.32)
formal fracture

No. of eventy Hazard ratio (95
participants Cl)
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adjudicatiorf*
Including only]
studies with
most uniform | 1,155/19,728{1.06 (0.9-1.14) 685/14,461}1.08 (0.9-1.19) 65/14,462 [1.10 (0.8-1.47)
definition of
fracturef T
Other
Further
adjusting for
BMI, smoking | 1,591/22,536[1.21 (1.0+-1.46) 1,140/17,56@.09 (1.0-1.18) 126/17,290 [1.03 (0.8-1.27)
status, and
diabetes mellity
Excluding
studies with los
of follow-up rat
>5%
BMD
Further
adjusting for
lumbar spine NA NA NA NA 39/1,399  0.96 (0.6-1.36)
BMD at
baseling 1
Further
adjusting for
whole body 183/1,399 0.89 (0.7-1.04) NA NA NA NA
BMD at
baselin88
STRATIFIED ANALYSI
Stratified for sex
Women 1,013/11, 32fL 1.11 (1.03-1.19) 827/10,07p 1.10(1.01-1.p0) 62/8,679 1.12 (0.83-1.51
Men 616/11,656| 1.05(0.95-1.1p) 446/9,026 1.0864.22) 67/9,032 1.00 (0.75-1.33
P-value for NA 0.39 NA 0.79 NA 0.61
interaction
Stratified for age
<75yearsat | 1,041/18,367| 1.10(1.02-1.19) 955/17,144 1.10 (€1.2D) 87/15,917 0.96 (0.74-1.25

NA NA 1,174/17,9841.13 (1.0-1.22) NA NA
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baseline
. >75 years at 588/4610 1.06 (0.96-1.14) 318/1,997 1.10(0.97)4.25 42/1,794 1.25 (0.88-1.76
baseline
P-value for NA 0.47 NA 0.99 NA 0.25
interaction
Stratified for duration of follow -up
<5 years 446/5,920 1.04 (0.93-1.15) 47/88B 00829¢1.14, 7/888 0.60 (0.26-1.37
>5 years 1,183/17,05f 1.09 (1.02-1.18) 1,226/14,21380 (1.03-1.18| 122/16,823 1.07 (0.87-1.33)
P-value for NA 0.39 NA 0.07 NA 0.18
interaction

Abbreviations: BMD, bone mineral density; BMI, bodhass index; Cl, confidence interval; EPIC, Eurapea
Prospective Investigation of Cancer; FT4, freedlkiyre; Health ABC, Health, Aging and Body Compasit;
INCHIANTI, Invecchiare in Chianti Study; MrOS, Osfrotic Fractures in Men Study; NA, not appromjato.,
number; OPUS, Osteoporosis and Ultrasound Stud@3HER, Prospective Study of Pravastatin in therBldg
Risk; SD, standard deviation; SOF, Study of OsteofioFractures; TSH, thyroid-stimulating hormone.

All analyses were adjusted for age (as a continwatiable) and sex; FT4 was measured in all stualieSOF and
Health ABC Study (FT4 not measured in participarits TSH within the reference range).

Hazard ratios are per one standard deviation isergaFT4.

* Data on any fractures were available for 7 stu@&©S, EPIC-Norfolk Study, INCHIANTI Study, Leide8b-
Plus Study, PROSPER, Rotterdam Study, BusseltoitiHstudy).

‘t Data on non-vertebral fractures were availablé/fetudies (MrOS, EPIC-Norfolk Study, INCHIANTI Sty
Rotterdam Study, Busselton Health Study, Sheffgilddly, OPUS).

FData on vertebral fractures were available forusligts (MrOS, EPIC-Norfolk Study, INCHIANTI Study,
Rotterdam Study, Busselton Health Study). Vertefseaiture was defined as a clinical symptomaticsebor
lumbar fracture.

§ Thyroid medication was defined as thyroxine or-#mgroid medication.

I Thyroid-altering medication included oral cortiter®id, amiodarone, iodine, thyroxine, or anti-thigrdrug.
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T Anti-fracture medication was defined as bisphospiencalcitonin, selective estrogen receptor madylar
parathyroid hormone.

** EPIC-Norfolk Study, INCHIANTI Study, MrOS, OPUS, Rerdam Study, Sheffield Study.
TTEPIC-Norfolk Study, INCHIANTI Study, Leiden 85-Pl&udy, MrOS, PROSPER.

¥t Lumbar spine BMD was available in MrOS only.

88 Whole body BMD was available in MrOS only.

THE JOURNAL OF CLINICAL
ENDOCRINOLOGY & METABOLISM

=
L
O
“

ADVANCE ARTICLE:

ENDOCRINE =
SOCETY Ema

17




TSH No. with No. of Hazard ratio P-value

categories fracture participants (95% Cl) for trend
3.50-4.49 181 3,248 [ | 1 (Reference) 0.004
2.50-3.49 446 7,980 i 1.12 (0.94-1.33)

1.50-2.49 942 21,231 — 1.09 (0.93-1.28)

1.00-1.49 597 14,183 L 1.19 (1.01-1.41)

0.45-0.99 429 10,142 | 1.25(1.05-1.49)

| | T T
08 09 1.0 1.2 1.5

HR (95%Cl)
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No with No of Hazard ratio P-value for
fracture participants (95% Cl) interaction
Overall 542 20,633 —a— 1.24 (1.12-1.37) -
Sex
Women 372 11,137 —a 1.23 (1.08-1.39) 0.67
Men 170 9,496 —a— 1.29(1.07-1.55)
Age
<75 years 329 17,954 —a— 1.27 (1.11-1.46) 0.50
275 years 213 2,679 —— 1.18 (1.02-1.38)
Duration of follow-up
<5 years 47 1,217 = 0.94 (0.658-1.30) 0.10
25 years 495 19,416 —a— 1.25(1.121.4
T T T T -
0.6 0.8 10 12 15

HR (95%Cl)



