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Summary

Background Evidence regarding thyroid function changes with ageing remains inconsistent and the implications of
potential changes are unclear. We aimed to investigate ageing-related thyroid function changes and their associations
with mortality.

Methods In this individual participant data (IPD) analysis, prospective population-based cohorts were eligible for
inclusion when data on thyroid function measurements and mortality were available in individuals aged 18 years and
older. Eligible datasets were identified through a systematic search of PubMed. We excluded cohorts of participants
with only thyroid disease or thyroid-altering medications, or pregnant individuals. We requested data from all eligible
cohorts that agreed to participate in the study. Linear mixed models were used to investigate associations between age
and thyroid function, stratified for sex and regional iodine status. Annual changes in thyroid-stimulating hormone
(TSH) and free thyroxine (FT,) were estimated per individual and categorised into quintiles, with the highest and
lowest quintiles defined as increasing and decreasing, respectively, and the rest as stable. Patterns of thyroid function
change were identified based on combined TSH and FT, evolution. We used cohort-stratified Cox models to assess
associations between changing patterns and all-cause mortality. This study is registered with PROSPERO,
CRD42023408086.

Findings In this IPD analysis, we analysed data collected between Jan 1, 2011, and Oct 13, 2022, from 31 cohorts across
Europe (n=19), the USA (n=5), Asia (n=3), Brazil (n=2), and Australia (n=2; 137488 participants; 68322 [49-7%] were
female and 69166 [50-3%] were male; median age 60 years [range 18-106]). Cross-sectionally, older age was associated
with higher TSH in iodine-sufficient regions and with lower TSH in iodine-insufficient regions. Longitudinal analyses
showed that TSH increased with increasing age regardless of iodine status. The overall increase in TSH from age 18 years
to 100 years was 0-61 mIU/L (0-52 SD) for female participants and 0-99 mIU]/L (0-76) for male participants from iodine-
sufficient regions. Greater variability in population distribution and longitudinal TSH changes was observed in adults
aged 65 years or older. Higher FT, with older age was suggested cross-sectionally, but longitudinally FT, increased in
iodine-sufficient regions and decreased in iodine-insufficient regions. Compared with stable thyroid function, all
changing patterns were associated with increased all-cause mortality: hazard ratios of 1-80 (95% CI 1-57-2-06) for
increasing TSH with stable or decreasing FT,; 2-45 (2-01-2- 97) for increasing TSH and increasing FT,; 2-45 (1-99-3-01)
for decreasing TSH with decreasing FT,; and 1-94 (1-68-2-24) for decreasing TSH with stable or increasing FT,.

Interpretation Ageing-related changes in thyroid function varied by sex and iodine status. Most individuals had stable
thyroid function during ageing with a slight increase in TSH, although older adults displayed greater variability.
Patterns of changing thyroid function were associated with an increased all-cause mortality risk, warranting further
exploration of the underlying mechanisms and clinical management.

Funding None.

Copyright © 2026 Published by Elsevier Ltd. All rights reserved, including those for text and data mining, Al training,
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Introduction
Thyroid function testing is a prerequisite for diagnosis
and treatment of thyroid disease. This necessity is

especially important for subclinical thyroid disease, due
to the absence of symptoms in most individuals
with mild abnormalities, particularly among older
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Research in context

Evidence before this study

Previous studies suggest that thyroid-stimulating hormone
(TSH) concentrations can increase with age; consequently, age-
specific reference ranges for thyroid-stimulating hormone
(TSH) have been recommended. However, most evidence of
TSH increase with ageing comes from cross-sectional studies,
whereas findings from longitudinal analyses remain
inconsistent. These discrepancies could arise from differences in
age distributions, iodine status, or other factors that are still
poorly understood. The clinical relevance of these changes and
variations is also not clear. We identified eligible prospective
cohorts through the Thyroid Studies Collaboration, which have
been identified through systematic searches, most recently on
Oct 13, 2022, via Embase, MEDLINE, Ovid, Web of Science, the
Cochrane Central Register of Controlled Trials, and Google
Scholar, using search terms related to “thyroid function”,
“thyroid hormone”, and “mortality”. We included cohorts with
thyroid function measurements and mortality and excluded
those only focused on individuals with thyroid diseases or
pregnant individuals.

Added value of this study

In this individual participant data (IPD) analysis, overall, the
magnitude of mean age-related changes in thyroid function
was small. In cross-sectional analyses of individual participant
data from 137 488 participants, mean TSH was higher with
increasing age in individuals from iodine-sufficient regions
(maximum TSH variation +0-21 mIU/L for female participants
and +0-26 mIU/L for male participants) but lower with higher
age in iodine-insufficient regions (maximum TSH variation
-0-56 mIU/L for female participants and -0-55 mIU/L for male

populations." The 2013 European Thyroid Association
guidelines and the 2014 American Thyroid Association
guidelines both suggest considering an age-specific
reference range, as previous studies suggest an increase
in TSH during ageing. This recommendation was
largely based on evidence from cross-sectional studies.**
Notably, findings from longitudinal studies remain
inconsistent: two studies reported that TSH increased
over time,”” whereas other studies showed no notable
changes in TSH.* Evidence regarding age-related
changes in free thyroxine (FT,) concentrations is also
inconsistent, both across cross-sectional and longitudinal
studies.*”

These discrepancies might arise not only from
differences in study designs, such as variations in
follow-up time and age distributions, but also from other
factors that influence the evolution of thyroid function
with age. Previous studies have demonstrated that the
relationship between thyroid function and age differs
between geographical regions, according to current® and
historical iodine status.” Higher age was associated with
lower TSH concentrations in iodine-insufficient areas,
but higher TSH concentrations in iodine-sufficient

participants). In longitudinal analyses of 40 026 participants,
TSH increased with age in both iodine-sufficient (maximum
TSH change +0-61 mIU/L for female participants and +0-99
mlU/L for male participants) and iodine-insufficient regions
(maximum TSH change +0-85 mIU/L for female participants
and +0-99 mIU/L for male participants). Increasing age was
associated with higher FT, in cross-sectional analyses and
longitudinal data showed that FT, increased with increasing
age in iodine-sufficient regions whereas FT, decreased in
iodine-insufficient regions. We identified four patterns of
thyroid function by combining TSH and FT, trajectories.
Compared with a stable thyroid function, all patterns with
changes in TSH and FT, were associated with an increased risk
of all-cause mortality.

Implications of all the available evidence

In this IPD analysis, we integrated both cross-sectional and
longitudinal data to provide a comprehensive insight into the
natural history of thyroid function during ageing. Most
individuals in the general population exhibited stable thyroid
function during ageing, with a greater variability observed in
older adults. We also identified four patterns of thyroid
function change associated with a higher risk of all-cause
mortality. Our results suggest that longitudinal trajectories of
thyroid function provide more clinically relevant information
than age-specific reference ranges alone, as not all individuals
with increased TSH share the same risk profile. Future studies
are required to investigate the underlying mechanisms
requlating these different patterns of thyroid ageing.

areas." Other environmental factors, such as smoking
and BMI, are known to influence thyroid hormone
concentrations® and might also affect the natural course
of thyroid function. However, these relationships
remains poorly understood.

Beyond understanding how thyroid function changes
during ageing, it is essential to determine whether
these changes, and any variations in these changes,
would have clinical significance. Previous studies
present conflicting results, with some suggesting that
increased TSH represents a natural course of ageing in
favour of longevity,"* whereas other studies associate
this increase with an increased risk of death™ and
cardiovascular disease.” This ongoing controversy
underlines a need for consolidated evidence.
Additionally, most studies have used a single thyroid
function measurement without accounting for the
dynamic evolution of thyroid function during
ageing.12,14,15

To address these gaps, we conducted an individual
participant data (IPD) analysis to investigate the natural
course of thyroid function during ageing. Our study also
aimed to identify potential factors influencing thyroid
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function evolution and to examine the relationship
between different longitudinal thyroid function
trajectories and mortality.

Methods

Search strategy and selection criteria

Our research proposal was preregistered on PROSPERO,
CRD42023408086, with any deviations and their justifica-
tions detailed in the appendix (p 3). Potential studies with
data on thyroid function and mortality were identified
through the Thyroid Studies Collaboration and previous
systematic searches,” which have been identified through
systematic searches most recent on Oct 13, 2022, via
Embase, MEDLINE, Ovid, Web of Science, the Cochrane
Central Register of Controlled Trials, and Google Scholar,
using search terms related to “thyroid function”, “thyroid
hormone”, and “mortality”. Eligibility for inclusion was
assessed by four reviewers (AD, YX, LC, and TIMK)
independently with any disagreement resolved by a fifth
independent reviewer (RPP). Prospective population-
based cohorts were eligible for inclusion when data on
thyroid function measurements and mortality were
available in individuals aged 18 years and older. We
excluded cohorts that consisted only of participants with
thyroid diseases or only pregnant individuals.

Each cohort received approval from local ethics
committees, and writeen or oral (depending on the local
medical ethical committee procedures) informed consent
was obtained from all participants. Formal ethical
approval for this project was waived by the medical ethics
committee at Erasmus University Medical Center
Rotterdam (Rotterdam, Netherlands; MEC-2023-0725).

Data collection and analysis

Data on biological sex were collected via self-report. Race
data were obtained through self-report or inferred from
genetic data depending on the study. All eligible cohorts
were invited via email to provide IPD on baseline
demographics, smoking status, BMI, TSH, FT,, thyroid
peroxidase antibodies (TPOAb), urine iodine concent-
ration, thyroid-altering medication use (including
amiodarone, antithyroid drugs, thyroid hormone replace-
ment, iodine, and glucocorticoids) at baseline and during
follow-up, and all-cause mortality. We excluded partici-
pants taking thyroid-altering medications or with thyroid
disease at baseline or during follow-up.

Baseline iodine status for each cohort was determined
in the following order of evidence (appendix pp 4-5):
median urine iodine concentration (<100 pg/L, iodine
insufficiency; =100 pg/L, iodine sufficiency); iodine
status reported in previous studies that were conducted
in the same region and timeframe; available data from
the Iodine Global Network” that were the closest to
cohort entry; and initiation year of the iodine fortification
programme was also considered to determine when
possible changes in iodine status might have occurred.
Two cohorts (the Study of Health in Pomerania™ and the

Heinz Nixdorf Recall Study”) from Germany and
one cohort (the Tehran Thyroid Study”) from Iran started
their cohorts 4 years to 7 years after the iodine fortification
programme and were considered in a transition period of
iodine status. We classified them as iodine insufficient,
as previous studies suggested that it might take more
than 10 years for thyroid function concentrations to
approximate those of iodine-sufficient individuals after
reaching iodine sufficiency.®

Given that multiple assays were used across cohorts,
TSH and FT, values were standardised to cohort-specific
Z scores to facilitate comparison. Before standardisation,
TSH values were natural log-transformed to meet the
assumptions of linear mixed models. The amount of
each SD increase in TSH and FT, is presented in the
appendix (p 6). Previous studies have indicated that
changes in thyroid function differ by sex” and iodine
status;" therefore, sex- stratification and iodine-
stratification was performed for all the analyses. We
conducted a one-step IPD analysis as our main analysis
to better account for within-study and between-study
heterogeneity, especially in the presence of non-linearity,
compared with a two-step IPD analysis.? For cross-
sectional analyses, we used linear mixed models with the
cohort as a random intercept. For longitudinal analyses,
we included participants with at least two thyroid
function measurements. We applied linear mixed models
with a random intercept of each individual nested within
the cohort to account for the correlation across repeated
measurements from the same individual. Age was used
as the time scale. Non-linearity was assessed with
restricted cubic splines. A non-linear association was
considered present if the p value for non-linearity was
less than 0-05. Given the challenge of precisely
estimating thyroid function changes per year with non-
linear associations, we estimated and visualised the
trajectory of TSH and FT, from age 18 years to 100 years,
to illustrate the extent of thyroid function changes across
the adult lifespan. To investigate potential determinants
of thyroid function changes during ageing, we conducted
predefined stratified analyses based on smoking status
(defined as current smoker and non-current smoker),
baseline BMI (=30 kg/m2, >30 kg/m?), and TPOADb
(defined as TPOAb positive and TPOADb negative,
according to cohort-specific cutoffs) for cohorts from
iodine-sufficient regions. Sensitivity analyses were
performed in participants with baseline thyroid function
data within the cohort-specific reference range (reference
ranges of each cohort are detailed in the appendix [pp
6-7]). Additionally, we repeated cross-sectional analyses
on the subset of participants included in the longitudinal
analyses to determine whether differences between the
cross-sectional and longitudinal results were due to
variations in the included populations. We also applied
inverse probability weighting to gauge potential survival
bias. Inverse probability weights were estimated using
logistic regression, with completion of the second
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measurement as the outcome and baseline demographic
and clinical characteristics as covariates. Participants
who completed follow-up were weighted by the inverse
of their estimated probability of follow-up, thereby
up-weighting individuals less likely to be retained.
Because two-stage approach estimates non-linear
associations independently within each cohort with
identical knot positions, this approach might lead to
instability and inflated heterogeneity when flexible spline
models are used.” Therefore, we chose one-step IPD
analysis as our primary analysis. A two-step IPD analysis
was carried out as a validation of the one-step IPD
analysis. Effect sizes were first estimated within each
cohort and then combined with random-effect models.
The Leiden 85-plus study was excluded from the cross-
sectional analyses because all participants were of the
same age at baseline. Since data from the EPIC-Norfolk
Study could not be downloaded locally for one-step
analysis due to legal constraints, this study was included
only in two-step sensitivity analyses. NHANES data were
also included exclusively in two-step analyses because
the application of sampling weights was required.

After examining the mean thyroid function changes on
the population-level, we further explored the individual
variation in ageing patterns across both TSH and FT,. We
estimated the mean annual changes in TSH and FT, of
each individual by applying a linear regression model to
repeated measurements with age. A minimum of
two measurements per individual was required for
inclusion in the analysis. The annual changes were
categorised into quintiles separately for TSH and FT,. We
defined changes in the lowest and highest quintiles as
decreasing and increasing thyroid function, respectively,
to balance specificity with adequate sample sizes in each
subgroup. We also conducted sensitivity analyses using
the 10th percentile and 90th percentile as cutoffs to
define decreasing and increasing thyroid function.
Depending on whether TSH and FT, changed in the
same direction (suggesting hypothalamus or pituitary
related) or in the opposite direction (suggesting thyroid
related), four changing patterns departing from stable
thyroid function were identified: increasing TSH with
decreasing or stable FT,; increasing TSH with increasing
FT,; decreasing TSH with increasing or stable FT,; and
decreasing TSH with decreasing FT,. The association
between different changing patterns and all-cause
mortality was examined with cohort-stratified Cox
proportional hazard models. Hazard ratios (HRs) with
95% Cls were estimated to compare the risk of all-cause
mortality across different changing patterns. No violation
of proportional hazards assumption was detected by
Schoenfeld residual plots. Detailed methods for
ascertaining all-cause mortality are different across
cohorts (appendix p 9). We adjusted for age and sex in the
first model. Smoking status, systolic blood pressure,
history of diabetes, BMI, and total cholesterol at baseline
were further included in the second model. Additional

adjustment for baseline thyroid function was done in a
separate model. Stratified analyses were conducted by
iodine status and sex. Multilevel multiple imputation*
was performed for missing values on smoking, BMI,
TPOADb, systolic blood pressure, history of diabetes, and
total cholesterol (appendix p 10). We generated
five imputed datasets and combined the effect estimates
with Rubin’s rule. All analyses were performed with
SPSS and R version 4.3.2 (packages: rms, nlme, ggplot2,
and mvmeta).

Role of the funding source
There was no funding source for this study.

Results

We included IPD from 31 cohorts from different regions
(19 from Europe, five from the USA, three from Asia,
two from Brazil, and two from Australia) who agreed to
participate and provided the data on the individual
participant level. We included 137488 participants with at
least one TSH measurement; of those, 110 382 participants
also had FT, measurements available. Overall, the median
age was 60 years (range 18-106), and of 137488 participants,
68322 (49-7%) were female participants and 69166
(50-3%) were male participants, and the prevalence of
TPOADb positivity was 9-1% (6250 of 68920 participants;
table 1).210121419202% The missing variables and missingness
rates were summarised for each cohort (appendix p 8).
Ten cohorts were included in the iodine-insufficient
group and 22 in the iodine-sufficient group; two of these
cohorts included individuals in both iodine-sufficient and
iodine-insufficient regions. Compared with male
participants, female participants were younger, had a
lower prevalence of smoking, and exhibited a higher
prevalence of TPOAD positivity (appendix p 11). 16 cohorts
with 110762 TSH measurements (median 3-0
[IQR 2-0-3-0] measurements per participant) and
96885 FT, measurements (median 3-0 [IQR 2-0-3-0]
measurements per participant) from 40026 participants
over a median follow-up of 7-4 (IQR 3-8-8-8) years were
available for longitudinal analyses (appendix p 12). Five
cohorts were included in the iodine-insufficient group
and twelve in the iodine-sufficient group; one of these
cohorts included individuals in both iodine-sufficient and
iodine-insufficient regions.

In cross-sectional analyses, slightly higher TSH
concentrations were identified with higher age among
participants from iodine-sufficient areas (figure 1). Due to
the non-linear associations between age and thyroid
function, it is challenging to quantify the precise variations
per year. Therefore, we estimated the total variation from
age 18 years to 100 years, to capture the extent of thyroid
function variation across the lifespan. The maximum
TSH variation from ages 18 years to 100 years was
+0-21 mIU/L (median of TSH variation in original scale of
all cohorts, corresponding to +0-16 SD changes in TSH Z
score) in female participants and +0-26 mIU/L (+0-19) in
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lodine status*

FT, ng/dL TPOAb

Smoking status: TSH, mIU/L
yest

Smoking status:

not

BMI, kg/m?

Age, years Female Male

Country

Number of

positivity §

participants

participants

participants

(Continued from previous page)

NA 72/384 Randers:

160 (0-88-2-40)

89/389

300/389
(77-1%)%

231 (58:9%) 161(411%) 2564 (4-30)

780 (73-80)

Denmark

Randers-Skagen

study*®

insufficient;

(18-8%)§

(22.9%)%

Skagen: sufficient

Sufficient

999 (11:3%)

631(46-106) 4783 (54-0%) 4074 (46:0%)  27-20 (4-18) 6849 (773%) 2008 (227%) 1.90(1:30-273) 121(0-17)

The

8857

Rotterdam Study*®

Netherlands

UK

Insufficient

NA

1:30 (0-24)
111 (0-17)
1.23(0-18)

210 (1-50-3-10)

69 (21-4%)
1103 (32:0%)

253 (78-6%)
2340 (68-0%)
4308 (877%)

2611 (4-39)
27-08 (4-66)
26-49 (4-59)

0(0-0%)
1784 (51-8%)

322 (100-0%)
1659 (48-2%)

637 (50-86)
48-0 (20-81)
37-0 (20-90)

322

Sheffield Study*

Transition

136 (4-0%)
440 (9-0%)

0-82 (0-56-1-19)
1.59 (1.04-241)

Germany

3443

SHIP-START Study*®
Tehran Thyroid

Study®

Transition

603 (12:3%)

2156 (43-9%)

2755 (56:1%)

Iran

4911

Sufficient

NA
NA

NA

1.58 (0-97-2:35)

307 (17-9%)
1195 /2504

(477%)%

1410 (82:1%)
1309 /2504

(523%)%

2755 (4-36)
24.75(3-92)

1132 (65:9%)
1217 (48-0%)

585 (34-1%)
1317 (52-0%)

650 (27-88)
455 (18-93)

Austria
UK

1717
2534

VIVIT Cohort®

Sufficient

2:00(1:00-310) NA

Whickham Survey®

28815/135350 1.66 (1-08-2-51) 1-16 (0-25) 6250/64752

(21:3%%

69166 (50-3%)  2673(4-89)  106535/135350
(787%)%

68322 (49-7%)

60-0 (18-106)

137488

Overall

(97%)S

not applicable. *Detailed

=thyroid-stimulating hormone. NA=

thyroid peroxidase antibodies. TSH

information on iodine status is provided in the appendix (pp 4-5). tThe EPIC-Norfolk study was only included two-step sensitivity analysis. +Participants with missing information on smoking status: Birmingham Study, n

n (%), or mean (SD) unless otherwise specified. NA refers to completely missing in the cohort. FT =free thyroxine. TPOAb:

Data are median (range),

1191; Baltimore Longitudinal

30. SParticipants with missing data on TPOAb:

3; Whickham Survey, n

58; Randers-Skagen Study, n

96; NHANES 1999-2011, n

-752; OPUS, n

1; NHANES 1999-2011, n

1067; Japanese-Brazilian Thyroid Study, n

4; NHANESIII, n

1; EPIC-Norfolk, n=97; Health ABC, n=

96; ELSA-Brasil Study, n

1; Cardiovascular Health Study, n:

Cardiovascular Health Study, n

Study of Aging, n

=8.

2805; Randers-Skagen Study, n

96; Heinz Nixdorf Recall Study, n=

Table 1: Baseline characteristics of included participants

male participants (figure 1). Lower TSH was observed
with higher age in participants from iodine-insufficient
areas (figure 1), and in these cohorts the maximum
variation from ages 18 years to 100 years in TSH was
—-0-56 mIU/L (-0-42 SD) for female participants and
—0-55 mIU/L (-0-44) for male participants.

No clear shift in the distribution of TSH was shown
between different age groups in cross-sectional
analyses (figure 2). The median and reference intervals
(2-5th  percentile to 97-5th percentile) of TSH
concentrations were presented across different age
groups (appendix p 17). Consistent with our one-step
analysis, median TSH remained stable at higher ages.
However, greater variability in the TSH distribution
with wider reference intervals was observed in older
individuals. The upper limits extended to 5-7 mIU/L for
those aged 65-79 years and reached 7 mlIU/L for
individuals aged 80 years and older (appendix p 17).

In longitudinal analyses, an increase in TSH with
increasing age was shown for both insufficient and
adequate iodine status (figure 1B). Overall, a slight
increase in TSH was observed during ageing. From age
18 years to 100 years, TSH increased by +0-61 mIU/L
(median of TSH change in all cohorts, corresponding to
an increase of +0-52 SD) for female participants and by
0-99 mIU/L (0-76 SD) for male participants from iodine-
sufficient regions. In the insufficient iodine group, the
increase in TSH from age 18 years to 100 years was
+0-85 mIU/L (+0-83 SD) for female participants and
+0-99 mIU/L (+0-94) for male participants.

Sensitivity analyses excluding participants with
baseline thyroid function outside of the cohort-specific
reference ranges showed similar patterns for the
association between TSH and age but with reduced
magnitude of changes (appendix p 18). Cross-sectional
analyses on the subgroup of participants who were also
included in the longitudinal analyses did not yield
substantially different patterns (appendix p 19). The
results obtained using inverse probability weighting
were consistent with our main analyses (appendix p 20).
Two-step IPD analyses validated the age-related pattern
of TSH changes observed from the one-step IPD analysis
(appendix p 21). The two-step sensitivity analysis
including the EPIC-Norfolk Study® did not yield
substantially different results (appendix p 22).

Predefined stratification analyses on smoking revealed
that participants who smoked had lower TSH concen-
trations compared with those who did not, regardless of
sex and iodine status. However, smoking did not affect the
population distribution or individual evolution of TSH
across ages (appendix p 23). Similarly, different BMI levels
did not affect the distribution or individual evolution
of TSH across age, although slightly higher TSH
concentrations were observed for participants with BMI of
30 kg/m2 or higher (appendix p 24). Participants with
positive TPOAb had higher TSH concentrations compared
with those with negative TPOAb. Notably, the age-related
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changes in TSH were less pronounced in TPOADb-positive
participants, compared with TPOADb-negative participants
(appendix p 25).

In cross-sectional analyses, a non-linear association
between FT, concentrations and age was observed
among individuals from both iodine-insufficient and
iodine-sufficient regions (figure 3). In female participants,
a J-shaped association was observed with higher FT,
concentrations after the age of 50 years. The maximum
variation between ages 18 years and 100 years was
+1-40 pmol/L (median of FT, change in all cohorts,
corresponding to +0-58 SD changes in FT, Z score) in
female participants from iodine-sufficient regions and
+2-54 pmol/L (+0-89) in female participants from iodine-
insufficient regions. In male participants, a U-shaped
association was shown and higher FT, concentrations
were observed after the age of 60 years. The maximum
variation across ages 18 years to 100 years was
+0-76 pmol/L (+0-32 SD) in those with iodine sufficiency
and +1-44 pmol/L (+0-55) in those with iodine
insufficiency.

Longitudinal analyses indicated a continuous increase
in FT, in female participants from iodine-sufficient areas,
whereas for male participants the increase occurred after
the age of 60 years. The maximum change in FT, from
age 18 years to 100 years was a +2-19 pmol/L (+0-90 SD)
increase for female participants and +1-34 pmol/L
(+0-55) increase for male participants. FT, decreased
with increasing age for participants from iodine-
insufficient regions, although for female participants,
the decreasing trend turned into a slight increase after
the age of 60 years (figure 3B). The maximum change in
FT, was -1-71 pmol/L (-0-68 SD) decrease for female
participants and —4-34 pmol/L (-1-72 SD) decrease for
male participants.

Restricting participants to thyroid function within the
cohort-specific reference ranges did not substantially
change the patterns (appendix p 26). A similar cross-
sectional association between FT, and age was identified
when restricting the analysis to participants included in
longitudinal analyses (appendix p 27). The inverse
probability weighting analyses yielded results similar to
the main analyses (appendix p 28). Results from the
two-step IPD analysis supported findings from one-step
IPD analysis (appendix p 29). We obtained consistent
results after including data from the EPIC-Norfolk
Study* (appendix p 30).

Stratified analyses by smoking status showed slightly
higher FT, concentrations among participants who
smoked in the cross-sectional analysis, whereas the
longitudinal analyses indicated smaller changes during
ageing in this group (appendix p 31). Participants with a
BMI of 30 kg/m2 or higher had lower FT, concentrations
atyounger ages, but as they aged, their FT, concentrations
gradually reached a level similar to that of participants
with a BMI of less than 30 kg/m? (appendix p 32).
Participants with TPOADb positivity had lower FT,

A Cross-sectional analysis
Female participants

lodine sufficiency lodine insufficiency

lodine sufficiency

B Longitudinal analysis

lodine insufficiency
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Figure 1: Association between age and TSH concentrations

TSH Z scores were plotted against age in years. The shaded band represents the 95% Cl. (A) Cross-sectional
distribution of TSH with age. p value for non-linearity: all p<0-0001 except for female participants with iodine
insufficiency (p=0-059). (B) longitudinal evolution of TSH across the adult lifespan. p value for non-linearity: all
p<0-0001 except for male participants with iodine insufficiency (p=0-030). TSH=thyroid-stimulating hormone.

concentrations and a smaller increase in FT, during
ageing compared with those without TPOAb positivity
(appendix p 33).

To further examine the individual trajectories of thyroid
function changes, we calculated the individual annual
changes in TSH and FT, (figure 4; appendix p 34).
Overall, most participants had relatively stable thyroid
function with the mean annual changes close to zero.
However, greater variability of thyroid function changes
with more flat distribution curves was observed for
participants aged older than 65 years. To explore distinct
patterns of change, individual annual changes in TSH
and FT, were subsequently categorised into quintiles. We
defined changes in the lowest quintile (TSH decrease
<0-09 mIU/L/year, FT, decrease <0-23 pmol/L per year)
as decreasing, those in the highest quintile (ITSH increase
>0-13 mlIU/L per year, FT, increase >0-25 pmol/L
per year) as increasing, and values in between as stable.
In individuals aged 18-39 years and 40-64 years, 71-1%
(4125 of 5805 individuals) and 72-5% (13848 of
19099 individuals), respectively, maintained stable TSH
concentrations. By contrast, only 41.1% (5457 of
13272 individuals) of those aged 65-79 years and 34-7%
(641 of 1848 individuals) of those aged 80 years and older
exhibited stable TSH concentrations over time.

Combining the evolution of TSH and FT, over ageing,
four different changing patterns were identified
depending on whether TSH and FT, changed in the same
or in the opposite direction (appendix p 13). The proportion
of individuals with stable TSH and FT, decreased with
increasing age: 63-4% (2899 of 4576 participants) in those
aged 18-39 years, 64-2% (9318 of 14505 participants) in
those aged 40—64 years, 45-5% (2549 of 5605 participants)
in those aged 65-79 years, and 24-9% (172 of
691 participants) in those aged 80 and older (appendix p
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Figure 2: Distribution of TSH for different age groups

(A) Number of participants per group: aged 18-39 years, n=10 156; aged 40-64 years, n=22189; aged 65-79 years,

n=13510; and aged =80 years, n=3258 . (B) Number of participants per group: aged 18-39 years, n=2319; aged
40-64 years, n=3981; aged 65-79 years, n=4986; and aged =80 years, n=1023. (C) Number of participants per

group: aged 18-39 years, n=8557; aged 40-64 years, n=19 698; aged 65-79 years, n=16 785; and aged =80 years,

n=3672. (D) Number of participants per group: aged 18-39 years, n=1943; aged 40-64 years, n=5293; aged
65-79 years, n=6278; and aged =80 years, n=872. TSH=thyroid-stimulating hormone.
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Figure 3: Association between age and FT, concentrations

FT, Z scores were plotted against age in years. The shaded band represents the 95% Cl. (A) Cross-sectional
distribution of FT, with age. p value for non-linearity: all p<0-0001. (B) Longitudinal evolution of FT, across the
adult lifespan (all p<0-0001). FT,=free thyroxine.

13). In multivariable-adjusted models, compared with
those with stable TSH and FT,, all changing thyroid
function patterns exhibited a higher risk of all-cause
mortality with an HR of 1-80 (95% CI 1-57-2-06) for
increasing TSH with stable or decreasing FT, 2-45
(2-01-2-97) for increasing TSH and increasing FT,, 1-94
(1-68-2-24) for decreasing TSH with stable or increasing
FT, and 2-45 (1-99-3-01) for decreasing TSH with
decreasing FT, (table 2). The association did not
substantially differ by iodine status (appendix p 14). The
association between changing thyroid function patterns
and mortality was stronger in male participants than in
female participants (appendix p 15). The association
between thyroid patterns and all-cause mortality was
independent of baseline TSH and FT, concentrations
(appendix p 15). Sensitivity analyses using the 10th
percentile (TSH changes <0-26 mIU/L per year; FT,
changes <0-38 pmol/L per year) and 90th percentiles
(TSH changes >+0-26 mIU/L per year; FT, changes
>+0-50 pmol/L per year) of individual changes to define
decreasing and increasing thyroid function yielded results
similar to those obtained using quintiles (appendix p 16).

Discussion

Our study revealed that cross-sectionally, the population
average of TSH concentrations was higher with increasing
age in individuals from iodine-sufficient regions, whereas
in those from iodine-insufficient regions, the mean TSH
was lower with increasing age. In longitudinal analyses,
TSH concentrations increased during ageing in
individuals from both iodine-insufficient and iodine-
sufficient regions. Higher FT, concentrations were
associated with higher age in cross-sectional analyses;
longitudinal data showed that FT, increased with
increasing age in individuals from iodine-sufficient
regions. BMI and smoking did not substantially modify
the evolution of thyroid function, whereas thyroid
peroxidase antibody positivity was associated with
attenuated age-related changes. Overall, the magnitude of
mean changes in thyroid function during ageing was
small. However, considerable variability in the degree of
TSH changes was identified among older adults from age
65 years onward. Four different changing patterns of
thyroid function were constructed combining trajectories
in TSH and FT,. Compared with stable thyroid function,
all the patterns of thyroid function indicating changes in
TSH and with changing or stable FT, were associated
with an increased risk of all-cause mortality.

Our results indicate that thyroid function varies with
iodine status. In iodine-insufficient regions, cross-
sectional analyses showed lower TSH and FT,
concentrations with higher age, which was consistent
with previous studies.”? The combination of lower
TSH and higher FT, suggests a trend toward
hyperthyroidism with higher age, likely attributed to
multifocal autonomous thyroid function.”* Conversely,
longitudinal analyses showed the increase in TSH with
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ageing among individuals in iodine-insufficient areas.

This  discrepancy between  cross-sectional —and A B
longitudinal findings might reflect cohort effects related lodine sufficiency lodine insufficiency
to historical iodine exposure, where older individuals Female participants Age categories
were exposed to more prolonged iodine insufficiency and 8] ; ——18-39years
therefore had lower TSH, whereas younger individuals ‘ :gg:?g;’:;:
benefited from improvements in iodine nutrition. The 6 — =80years
longitudinal increase in TSH with ageing, resembling
trends observed in iodine-sufficient regions, could |
therefore reflect changes occurring under improving | £ 47
=)

iodine status over time." Notably, several early studies™
from the late 1980s and 1990s reported lower basal and
nocturnal peak TSH concentrations in highly selected
healthy older individuals compared with younger adults.
These studies were largely conducted in iodine-deficient 0
settings and focused on carefully selected elderly
populations, which could partly explain the apparent
differences from findings observed in later large,
population-based cohorts. Longitudinal changes in FT,
are less studied, as FT, is often measured only in ‘
individuals with TSH outside the reference range. 6 -
However, the increased incidence of overt hypothyroidism ‘

Male participants

and conversion from subclinical to overt hypothyroidism | =
during the transition from iodine deficiency to § 47
sufficiency” indirectly support our findings on the
decreasing FT, with age. The underlying mechanisms 2
remain unclear, but increased thyroid autoimmunity has

been postulated.” .

In individuals from iodine-sufficient regions,
consistent with findings from previous cross-sectional

K R K | Change in TSH (mIU/L per year) Change in TSH (mIU/L per year)
studies,””*** we identified higher average TSH concen-

trations with higher age. Similarly, our longitudinal Figure4: Distribution of individual annual changes in TSH across age groups

analyses suggested an increase in TSH with increasing ~ (A) Numberof participants and mean (SD) of individual annual changes per group: aged 18-39 years: n=1221,
age. However, the changes in TSH were rather modest. Of)?, (0-21); aged 40-64 years: n=7384, 002 (0-23); aged 65-79 yez?rs:n.:4268, -0-06 (0-49); and aged%SO years:

. ) . . N R ) n=805, -0-08 (0-58). (B) Number of participants and mean (SD) of individual annual changes per group: aged
Previous longitudinal studies supporting an increase in 18-39 years: n=1909, 0-09 (0-23); aged 40-64 years: n=2287, 0-06 (0-18); aged 65-79 years: n=2355, -0-13 (1-11);
TSH during ageing also reported a limited change: 0-32  and aged =80 years: n=279, -0-12 (1-21). (C) Number of participants and mean (SD) of individual annual changes
mIU/L increase’ and 0-34 mIU/L increase® during per group: aged 18-39 years: n=1104, 0-02 (0-16); aged 40-64 years: n=6802, 0-0? <0-19); aged 65-79 years:
13 years of follow-up and 0-29 mIU/L increase over h—??9'30, -0-03 (0-51); and aged 80 yt'aars. n—568,—0~03'(0;48). (D) Numbe@fpartmpants and'mfan (SD) of

X individual annual changes per group: aged 18-39 years: n=1572, 0-06 (0-21); aged 40-64 years: n=2626,

7-8 years of follow-up.” Another three studies concluded .04 (0-13); aged 65-79 years: n=2720, -0-03 (0-96); and aged 80 years: n=196, 0-005 (1-10). TSH=thyroid-
stable TSH concentrations reported average TSH  stimulating hormone. TSH=thyroid-stimulating hormone.

changes of 0-006 mIU/L per year during 7 years of

follow-up® and average changes within 0-5 mIU/L during Numberof Number Age-adjusted  Multivariable:
6-5 years® and 5 years of follow-up,” respectively. participants of cases and sex-adjusted: HR (95% Cl)
Combining all the evidence, the average changes in TSH HR (95%
during ageing were modest. Our findings align with Stable thyroid function 14938 1143 Reference Reference
previous studies and combined data across studies to Increasing TSH with stable or decreasing FT, 4119 371 158(140-179) 1-80(1:57-2:06)
provide a more precise estimate of the degree of stability Increasing TSH with increasing FT, 1412 241 1.99(1:68-2:36) 2:45(2:01-2.97)
of TSH at the population level. Consistently, on the Decreasing TSH with stable or increasing FT, 3604 546 158(140-177) 194 (1-68-224)
individual level, we also found that thyroid function Decreasing TSH with decreasing FT, 1304 146 2:06 (1.70-2:49) 2:45(1-99-3:01)
remained largely stable during ageing, with annual o i i _ _ _

h £ individuals cl b Multivariable model adjusted for age, sex, smoking status, systolic blood pressure, history of diabetes, total
changes of most individuals close to zero. cholesterol, and BMI. FT,=free thyroxine. HR=hazard ratio. TSH=thyroid-stimulating hormone.

Although average changes in TSH were modest at
both the population and individual level. our study Table 2: Association between changing patterns of thyroid function and all-cause mortality

consistent with previous studies, observed a higher

97-5th percentile among individuals aged 65 years and  97-5th percentile ranges) with higher age. In line with
older. This finding suggests increased variability in this increased population-level variability, we also found
population  distribution (ie, wider 2-5th to increased variability in individual TSH evolution (ie,
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wider ranges of individuals' annual changes). These
individual-level variations might partly account for the
broad distribution observed at the population level.
Potential ageing-specific mechanisms contributing to
the increased variability include increasing thyroid
autoimmunity, variations in the hypothalamic—pituitary—
thyroid axis, and changes in TSH bioactivity and
deiodinase activity.”** In addition, mildly increased
TSH concentrations in older adults without thyroid
autoimmunity can spontaneously normalise over time,
suggesting that some age-related TSH changes are
transient.” Genetic factors can also modulate these
processes and shape individual thyroid function
trajectories over time.” Environmental factors like
smoking and obesity were explored in our study but
showed little influence on the ageing pattern of TSH and
FT,. Different races might be associated with different
patterns of thyroid function change.”® With advancing
age, cumulative exposure to alcohol assumption, and
pollutants could further influence thyroid function.”*
Future research is needed to elucidate the role of genetic
and environmental factors associated with age-related
changes in thyroid function.

The clinical relevance of variability in thyroid function
was examined by investigating the association of patterns
in age-related changes in thyroid function with all-cause
mortality. Compared with the stable thyroid function
observed in the majority, all changing patterns were
associated with an increased risk of all-cause mortality.
Although parallel alterations in TSH and FT,, indicative
of potential alterations in hypothalamic—pituitary
feedback, were relatively uncommon, such alteration
might confer higher mortality risk than thyroid-related
changes. The concurrent decrease of TSH and FT, might
suggest a tendency to nonthyroidal illness syndrome,
which is usually seen in individuals with acute or severe
chronic illness. Thus, this pattern might be the
consequence of underlying disease and suggests a worse
prognosis. Of note, the association between unstable
patterns and all-cause mortality was independent of
baseline thyroid function.

Age-specific reference ranges for TSH have been
proposed largely because broader reference intervals,
particularly higher 97-5th percentiles, are observed
among older individuals.” However, such cross-sectional
age-based distribution do not capture within-person
changes. In our study, individuals with increasing TSH
concentrations had a higher risk of mortality,
independent of baseline thyroid function. These findings
suggest that individual longitudinal trajectories of
thyroid function might provide more clinical relevant
information than single age-specific limit alone.
Therefore, cautions should be exercised when applying
generalised cutoffs, as individuals with high TSH
concentrations might not be regarded as a homogeneous
group. Among individuals with high TSH concentrations,
the implications might differ depending on the pattern

of change. Persistently increased TSH concentrations
might be associated with longevity,” whereas progressive
increases during aging could warrant further clinical
attention. The underlying physiological mechanisms
likely differ depending on whether changes are driven by
thyroid or pituitary factors, which could in turn require
different treatment strategies. This distinction
underscores the importance of careful, individualised
clinical evaluation.

The major strength of this study is its comprehensive
analysis of IPD from 31 prospective cohorts worldwide,
including 137488 participants from both iodine-
sufficient and iodine-insufficient regions. Repeated
thyroid function measurements enabled longitudinal
analyses in 40026 participants, which, combined with
cross-sectional data, provided a comprehensive view of
age-related changes in thyroid function. However, some
limitations should be noted. First, the absence of
trilodothyronine (T,) measurements limited our
understanding of underlying mechanisms, particularly
for individuals from iodine-insufficient regions” and
those exhibiting concurrent decreases in TSH and FT,.
Second, most cohorts did not have direct urine iodine
measurements, which could have led to misclassification
of iodine status. Third, the distribution of thyroid
function might vary by race.”* The majority of our data
were derived from Europe and the USA, which limits
the generalisability of our findings. Fourth, individuals
taking thyroid medications or having thyroid diseases
were excluded. Therefore, our findings might not be
generalisable to individuals receiving thyroid hormone
replacement treatment. Another concern is the variation
in laboratory methods across different countries and
over time. We applied Z score standardisation for TSH
and FT, to minimise the potential effect of these
differences. Moreover, all cohorts except the Whickham
Survey wused third-generation assays. Finally, the
observational design does not allow us to distinguish
whether the change in TSH and FT, directly leads to
mortality risk or merely reflects underlying pathological
conditions (ie, reverse causality).

In summary, our IPD analysis combining both
cross-sectional and longitudinal analyses provide
comprehensive insights into the natural course of thyroid
function during ageing. Our findings revealed that the
ageing-related changes in thyroid function were limited
generally, indicating stability during ageing for most
individuals in the general population. However, greater
variability was observed among older adults. Four
changing thyroid function patterns were identified and
were associated with a higher risk of all-cause mortality
compared with people with stable thyroid function,
independent of baseline thyroid function. Future studies
are needed to elucidate the underlying mechanisms of
different ageing patterns of thyroid function, which
could pave the way for more personalised strategies in
clinical practice.
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