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Abstract: Background: Levothyroxine (LT4) is widely prescribed in older adults with
hypothyroidism, yet evidence guiding safe initial weight-based dosing is limited. Both
under- and over-replacement may adversely affect cardiovascular health, bone
integrity, and survival. Given the impracticality of conducting a long-term randomised
trial in this population, this study aimed to emulate a target trial to assess associations
between initial LT4 dose per body weight and long-term clinical outcomes in older
adults, using routinely collected primary care data.

Methods: An emulated target trial was conducted using The Health Improvement
Network, a UK primary care database, including data from 2006 to 2021. Eligible
participants were adults aged >50 years diagnosed with hypothyroidism initiating LT4
during this period. The target trial compared initiation of LT4 at >1-0 versus
<1-0mcg/kg/day using total and lean body weight definitions. Inverse probability of
treatment weighting adjusted for baseline confounders. Associations with
cardiovascular events, bone outcomes, and all-cause mortality were estimated using
weighted Cox proportional hazards models, and 10-year absolute risk differences were
calculated. Participants were followed for up to 10 years from LT4 initiation until
outcome occurrence, death, or study end.

Findings: Among 15,463 patients (mean age 67 years, 78% female), 11,762 (76%)
initiated LT4 at <1-0mcg/kg/day and 3,701 (24%) at >1-Omcg/kg/day (total body
weight). Unweighted event rates were higher in the higher-dose group for
cardiovascular events (19-7% vs 17-7%), bone outcomes (13:1% vs 9:1%), and all-
cause mortality (18:5% vs 17-5%). Higher LT4 dosing was associated with increased
risk of cardiovascular events (hazard ratio (HR) 1-18, 95% CI 1-08-1-29), bone
outcomes (1-29, 1-16-1-43), and all-cause mortality (1-17, 1-:09-1-25). The weighted
10-year absolute risk difference between higher and lower dose groups was 1-3%
(95% CI 0-3-3-0) for cardiovascular events, 3-0% (1:6—4-5) for bone outcomes, and
3:4% (1-7-5-1) for all-cause mortality. Similar associations were observed using lean
body weight-based dosing.

Interpretation: These findings suggest that higher initial weight-based LT4 dosing may
be associated with avoidable long-term harm, supporting cautious initiation and titration
in older adults in primary care. These findings describe associations and should be
interpreted cautiously.
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Research in context
Evidence before this study
PubMed was searched from January 1, 2000, to October 1, 2025, using combinations of

29 <

terms for levothyroxine (“levothyroxine”, “thyroxine”, “LT4”), weight-based dosing (“dose

9 6 99«6 P11

per body weight”, “weight-based dose”, “mcg/kg”, “ng/kg”), hypothyroidism, ageing (“older

99 <¢ 99 <¢

adults”, “elderly”, “aged”), and outcomes (“‘cardiovascular”, “fracture”, “osteoporosis”,
“bone”, “mortality”). No language restrictions were applied. No studies were identified that
examined the associations between initial levothyroxine dose per body weight and
cardiovascular, skeletal, or mortality outcomes in adults aged 50 years or older. Existing
evidence has focused primarily on the risks of overtreatment, defined by suppressed thyroid-
stimulating hormone levels, rather than the prescribed dose per body weight. Current
guidance from the United Kingdom National Institute for Health and Care Excellence (NICE)
recommends fixed low starting doses of levothyroxine (25-50mcg/day) for adults aged 65
years and older, irrespective of body weight. In contrast, younger adults are initiated on
weight-based doses. The Baltimore Longitudinal Study of Ageing reported a mean
requirement of approximately 1-09mcg/kg/day to maintain euthyroidism in adults aged 65
years and older, suggesting that lower weight-adjusted levothyroxine doses may be
appropriate; however, no large-scale study has directly examined their association with long-
term outcomes.

Added value of this study

Using primary care data from more than 15,000 older adults with hypothyroidism in the
United Kingdom, this study emulated a target trial to assess the association between initial
levothyroxine dose per body weight and cardiovascular, bone, and mortality outcomes. After
adjustment for baseline confounding, initiating levothyroxine at doses greater than
1-0mcg/kg/day, whether based on total or lean body weight, was associated with higher risks
of adverse cardiovascular events, skeletal events and all-cause mortality.

Implications of all the available evidence

This evidence suggests that standard dosing may overestimate levothyroxine requirements in
adults over 50 years old. Weight-adjusted, age-sensitive dosing, targeting approximately
1-0mcg/kg/day, may be associated with fewer adverse outcomes. These findings support
revising clinical guidance to incorporate weight-based levothyroxine prescribing for people
aged 65 years and older.
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Abstract

Background: Levothyroxine (LT4) is widely prescribed in older adults with hypothyroidism,
yet evidence guiding safe initial weight-based dosing is limited. Both under- and over-
replacement may adversely affect cardiovascular health, bone integrity, and survival. Given
the impracticality of conducting a long-term randomised trial in this population, this study
aimed to emulate a target trial to assess associations between initial LT4 dose per body
weight and long-term clinical outcomes in older adults, using routinely collected primary care
data.

Methods: An emulated target trial was conducted using The Health Improvement Network, a
UK primary care database, including data from 2006 to 2021. Eligible participants were
adults aged >50 years diagnosed with hypothyroidism initiating LT4 during this period. The
target trial compared initiation of LT4 at >1-0 versus <1-0mcg/kg/day using total and lean
body weight definitions. Inverse probability of treatment weighting adjusted for baseline
confounders. Associations with cardiovascular events, bone outcomes, and all-cause
mortality were estimated using weighted Cox proportional hazards models, and 10-year
absolute risk differences were calculated. Participants were followed for up to 10 years from
LT4 initiation until outcome occurrence, death, or study end.

Findings: Among 15,463 patients (mean age 67 years, 78% female), 11,762 (76%) initiated
LT4 at <1-Omcg/kg/day and 3,701 (24%) at >1-Omcg/kg/day (total body weight).
Unweighted event rates were higher in the higher-dose group for cardiovascular events
(19:7% vs 17-7%), bone outcomes (13-1% vs 9-1%), and all-cause mortality (18-5% vs
17-5%). Higher LT4 dosing was associated with increased risk of cardiovascular events
(hazard ratio (HR) 1-18, 95% CI 1-08-1-29), bone outcomes (1-29, 1-16-1-43), and all-cause
mortality (1-17, 1-09-1-25). The weighted 10-year absolute risk difference between higher
and lower dose groups was 1-3% (95% CI 0-3-3-0) for cardiovascular events, 3-:0% (1-6—
4.5) for bone outcomes, and 3-4% (1-7-5-1) for all-cause mortality. Similar associations

were observed using lean body weight-based dosing.

Interpretation: These findings suggest that higher initial weight-based LT4 dosing may be
associated with avoidable long-term harm, supporting cautious initiation and titration in older
adults in primary care. These findings describe associations and should be interpreted

cautiously.
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Funding: This study was funded by the National Institute for Health and Care Research
(NIHR) Applied Research Collaboration (ARC) North East and North Cumbria (NENC)
(NIHR200173).

Introduction

Hypothyroidism is a common chronic endocrine disorder characterised by insufficient
thyroid hormone production, particularly thyroxine (T4).! Its prevalence increases with age
and is notably higher in women, affecting up to 21% of those over 74 years old.? This higher
prevalence in older adults likely reflects age-related rises in thyroid-stimulating hormone
(TSH) levels,® a greater susceptibility to autoimmune thyroid disease, and prior treatments

that impair thyroid function, such as thyroid surgery and radioactive iodine therapy.*

Levothyroxine (LT4), a synthetic form of T4, remains the standard treatment and is among
the most widely prescribed medications globally.® In the United Kingdom (UK), prescribing
rates are highest in people aged over 80 years, where more than 10% receive LT4.6 The
treatment goal is to restore and maintain euthyroidism, typically assessed by TSH

normalisation.’

Older adults, however, are particularly vulnerable to the effects of suboptimal LT4 dosing.
Both under- and over-replacement, indicated by persistently abnormal TSH levels outside the
population reference range, have been associated with adverse cardiovascular and bone
outcomes.®® Standard weight-based dosing (1-6mcg/kg/day) is derived from studies in
younger adults and may overestimate LT4 needs in older individuals, who have lower lean
body mass and heightened peripheral sensitivity to thyroid hormones.'® Reflecting this, the
UK’s National Institute for Health and Care Excellence (NICE) recommends weight-based
dosing (1-6mcg/kg/day) in adults under 65 years without cardiovascular disease, but
substantially lower fixed starting doses (20-50mcg/day) with titration in those aged 65 years
and older or with cardiovascular disease.!* The American Thyroid Association similarly
advises individualised dosing based on both age and weight.*? In addition, a cautious
approach to treatment in older adults is often advocated, particularly where biochemical
abnormalities are mild.t>!* Despite these differences, there remains limited evidence directly
examining the relationship between initial LT4 dose per body weight and long-term clinical

outcomes in ageing populations.



106
107
108
109
110
111

112
113
114
115
116
117
118
119
120
121
122

123
124
125
126
127
128
129
130

131

132

133
134
135

Long-term randomised trials comparing initial LT4 dosing strategies in older adults are
unlikely to be feasible. Observational data structured within a target trial emulation
framework therefore provide an opportunity to address this evidence gap using real-world
clinical practice data. By explicitly defining eligibility criteria, treatment strategies, follow-
up, and outcomes, target trial emulation can strengthen causal inference from observational

data and reduce biases commonly encountered in observational studies.

Accordingly, a target trial was emulated using UK primary care data to examine the
association between initial LT4 dose per body weight and major clinical outcomes in adults
with primary hypothyroidism. Individuals aged over 50 years were included, reflecting
evidence from the TEARS study demonstrating age-related increases in TSH in older adults.®
Participants were stratified into two age groups: 51-64 years, for whom standard weight-
based dosing (1-6mcg/kg/day) is generally recommended, and >65 years, for whom NICE
advocates lower fixed starting doses (25-50mcg/day).!* The causal question of interest was
whether initiating LT4 at higher versus lower weight-based doses is associated with
differences in long-term cardiovascular and skeletal outcomes, and mortality in routine
clinical practice, with the objective of estimating the comparative benefits and harms of these

dosing strategies in older adults with hypothyroidism.

Initial LT4 dose was expressed per unit of total body weight (TBW) and estimated lean body
weight (LBW), allowing comparison across two clinically relevant metrics. Outcomes
included (1) cardiovascular events (composite of angina, myocardial infarction, heart failure,
stroke, peripheral vascular disease, atrial fibrillation, and revascularisation), (2) bone
outcomes (composite of fragility fractures and osteoporosis), and (3) all-cause mortality.
Higher versus lower dosing strategies were compared using a threshold of 1-0mcg/kg/day,
informed by data from the Baltimore Longitudinal Study of Aging, which reported a mean

LT4 requirement of 1-09mcg/kg/day in adults aged >65 years old.*?
Methods
Study design and participants

Data for this study were obtained from The Health Improvement Network (THIN), a UK
primary care database containing anonymised electronic health records from over 850 general

practices using the Vision software system, representing approximately 6% of the UK
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population. THIN includes longitudinal information on demographics, diagnoses,
prescriptions, and laboratory test results recorded in routine primary care and is broadly
representative of the UK population in terms of age, sex distribution, major disease
prevalence, and mortality rates.'® Data from January 1, 2006, to December 31, 2021, were
available for analysis. THIN captures data recorded by general practices and does not include
linked secondary care or hospital admission data for this study. The database has been
validated and widely used in epidemiological research examining LT4 therapy, thyroid

function, cardiovascular disease, fractures, and mortality.>1®

This retrospective observational study emulated a target trial to estimate the association
between initial LT4 dose and long-term cardiovascular, skeletal, and mortality outcomes in
adults with hypothyroidism. The design followed the target trial framework proposed by
Hernan and Robins,*” which uses observational data to reproduce key features of a
hypothetical randomised controlled trial, including explicit specification of eligibility criteria,
treatment strategies, assignment procedures, and follow-up. This study follows both the
Strengthening the Reporting of Observational Studies in Epidemiology guidelines for
Observational Studies Reporting Propensity Score Analysis and the Transparent Reporting of
Observational Studies Emulating a Target Trial checklists (Appendix pages 1-7).181° The
primary causal contrast of interest compared participants according to the initial prescribed
LT4 dose at treatment initiation. Participants were classified according to their initial
prescribed dose at treatment initiation, irrespective of subsequent dose modifications. An

overview of the target trial specification and its emulation is presented in Table 1.

Patients aged over 50 years with at least one recorded TSH measurement exceeding 4-0
mU/L between January 1, 2006, and January 1, 2022, were extracted from THIN. Eligibility
was assessed at the time of LT4 initiation (time zero). Participants were eligible if they met

all of the following:

e Aged over 50 years at the time of LT4 initiation.

e Recorded diagnosis of primary hypothyroidism.

e |Initiated LT4 therapy between January 1, 2006 and December 31, 2021.

e At least one serum TSH measurement recorded within three months before or after
LT4 initiation.
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e At least one body weight measurement within three months before or after LT4
initiation.

e At least one height measurement (lean body mass analyses only).

e At least six months of follow-up data available after LT4 initiation. Six months of
follow-up data refers to the availability of routine primary care records for at least six

months after LT4 initiation, ensuring sufficient observation time for outcome events.
Participants were excluded if they met any of the following:

e History of thyroid cancer, hyperthyroidism, or pituitary disease.

e Previous thyroid surgery or radioiodine therapy.

e Use of antithyroid drugs, liothyronine, or medications known to substantially affect
thyroid function (including lithium and amiodarone) during the study period.

e Pre-existing cardiovascular or bone disease relevant to the outcome under assessment.

Each of the three outcomes (cardiovascular disease, bone health, and all-cause mortality)
were analysed separately, using bespoke patient cohorts. Diagnostic, prescription, and
procedure codes used to define inclusion and exclusion criteria were derived from the
International Classification of Diseases, Tenth Revision (ICD-10), dictionary of medicines
and devices (dm+d), and Office of Population Censuses and Surveys Classification of

Interventions and Procedures, 4th revision (OPCS-4) (Appendix pages 8-18).

Data cleaning included removal of duplicate records, verification of measurement units,
checks for chronological consistency, and assessment of plausibility for key variables. TSH
<0-1 or >20mU/L and body weight <35 or >200kg were excluded as extreme values. Records

with missing baseline information or with inconsistent follow-up data were excluded.

Formal sample size calculations were not performed, as the study aimed to include the full
eligible population defined by the target trial protocol to provide precise observational
estimates rather than to test a single prespecified hypothesis.’

This study received ethical approval from the University of Sunderland Research Ethics
Group (Reference: 011081). Scientific approval for the use of data from THIN was granted
by the THIN Scientific Review Committee (Protocol Number 22-003). Individual patient
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consent was waived because anonymised routinely collected electronic health record data

were used.

The study protocol was prospectively developed and is available at

https://sure.sunderland.ac.uk/id/eprint/19274/. No protocol amendments affecting eligibility

criteria, treatment assignment, follow-up procedures, or study conduct occurred during the
study period.

Procedures

THIN data are collected prospectively during routine primary care consultations by
participating UK general practitioners and affiliated healthcare professionals using the Vision
electronic health record system. Demographic data, diagnoses, prescriptions, laboratory test
results, and consultation records entered during routine clinical care were available for
analysis. Data on race and ethnicity were not consistently available within THIN and

therefore could not be analysed.

Baseline demographic variables, including age and sex assigned at birth, were obtained from
routinely recorded primary care electronic health records within THIN. Clinical covariates,
including hypertension, Charlson Comorbidity Index, smoking status, medication use, serum
TSH measurements, and body weight, were identified using diagnostic records, prescribing
data, and laboratory test entries recorded during routine clinical care. Prescription data were
recorded by general practitioners at the point of prescribing, and laboratory results were
electronically transferred into the medical record from affiliated laboratories (Appendix
pages 19-165). Cardiovascular, bone, and mortality outcomes were identified using ICD-10
and OPCS-4 codes recorded in THIN (Appendix pages 166-179).

To evaluate the impact of initial LT4 dose according to body composition, exposure was
defined using two weight-based approaches based on the initial prescribed dose at LT4
initiation:
e Total Body Weight (TBW) dose (mcg/day/kg): initial LT4 dose (mcg/day) divided by
TBW (kg).
e Lean Body Weight (LBW) dose (mcg/day/kg): initial LT4 dose (mcg/day) divided by
estimated LBW (kg).
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LBW was calculated using the Boer formula,?® which incorporates sex assigned at birth,
height, and weight:

e Males: LBW (kg) = (0-407 x weight (kg)) + (0-267 x height (cm)) — 19-2

e Females: LBW (kg) = (0-252 x weight (kg)) + (0-473 x height (cm)) — 48-3

For each dosing metric, participants were categorised into two groups:
1. Higher Dose Group: >1-0mcg/kg/day
2. Lower Dose Group: <1-0mcg/kg/day
These classifications were applied separately for TBW and LBW, with analyses conducted

independently for each approach.

TSH and body weight were defined as the closest measurements recorded within three
months before or after LT4 initiation. This window was selected to maximise data
completeness and reflects routine UK practice.!! When multiple measurements were
available, the value closest to LT4 initiation was used. TSH was used as the primary
biochemical marker as it is the most consistently recorded thyroid function test in routine UK
clinical practice and is the primary parameter used to guide LT4 dose titration. Free T4
measurements were inconsistently available and therefore not suitable for inclusion in all

analyses. Reported free T4 values are based on complete-case data only.

Potential confounders, defined as variables plausibly associated with both LT4 dose and
study outcomes, were identified a priori using a directed acyclic graph specified in the study
protocol and informed by clinical reasoning and prior evidence. The final adjustment set
comprised baseline age, sex assigned at birth, Charlson Comorbidity Index, hypertension,
serum TSH, smoking status, and use of proton-pump inhibitors, oestrogen, and

testosterone.?122

Participants were followed from the date of LT4 initiation until the earliest of:
1. Occurrence of the relevant outcome event (cardiovascular, bone, or mortality),
2. Death (for non-mortality outcomes), or
3. End of the study period.
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Follow-up continued for up to ten years after LT4 initiation, with eligible participants

contributing follow-up time between January 1, 2006, and December 31, 2021.

Several measures were undertaken to reduce potential sources of bias. Eligibility criteria,
treatment strategies, and follow-up definitions were specified in advance according to a target
trial framework to minimise selection and immortal time biases. Time zero was consistently
defined as the date of LT4 initiation. Extreme biologically implausible values for TSH and
body weight were excluded.

Outcomes

Primary Outcomes:

1. Cardiovascular: First occurrence of a composite outcome including angina, myocardial
infarction, stroke, peripheral vascular disease, heart failure, atrial fibrillation, or any
revascularisation procedures recorded during follow-up.

2. Bone: First recorded diagnosis of osteoporosis or a fragility fracture during follow-up.

3. All-cause mortality: Death recorded during follow-up. Data on cause-specific mortality

were unavailable.

Secondary Outcomes:

1. Healthcare utilisation: Total number of primary care encounters (including face-to-face,
telephone, or online consultations) per patient during follow-up.

2. Thyroid function control: Proportion of participants whose latest thyroid function test
during follow-up showed an abnormal TSH level (<0-4 or >4-0mU/L).

Statistical analysis

The primary causal contrast of interest was comparing higher versus lower LT4 dose groups
based on dose at treatment initiation. Because treatment allocation was not randomised and
longitudinal adherence data were incomplete, analyses estimated the observational analogue

of the effect of treatment initiation according to baseline prescribed dose group.

Baseline characteristics of participants in the higher- and lower-dose LT4 groups were

summarised using descriptive statistics. Continuous variables are reported as mean (standard

10



288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321

deviation) or median (interquartile range (IQR)), and categorical variables as counts and
percentages. Covariate balance before and after weighting was assessed using standardised
mean differences (SMDs). Baseline data were complete for included participants; therefore,

no multiple imputation procedures were required.

To emulate randomisation and adjust for measured confounding, inverse probability of
treatment weighting (IPTW) was applied to reduce confounding by indication and other
baseline imbalances based on measured covariates. Propensity scores estimating the

probability of receiving a higher LT4 dose were derived from logistic regression models.

Unstabilised weights were calculated as the inverse of the propensity score for participants in
the higher-dose group and the inverse of one minus the propensity score for those in the
lower-dose group, with extreme weights truncated at the 1st and 99th percentiles. Propensity
score distributions were examined to assess overlap between treatment groups, ensuring
adequate positivity (Appendix page 180). This created a weighted pseudo-population with
balanced baseline covariates between treatment groups. E-values were calculated to assess

the robustness of observed associations to potential unmeasured confounding.

Weighted Cox proportional hazards models estimated hazard ratios (HRs) and 95%
confidence intervals (CIs) for each outcome. Time zero was defined as the date of LT4
initiation, and participants were followed until outcome occurrence, death, censoring, or
study end. Proportional hazards assumptions were assessed using Schoenfeld residuals.
Weighted Kaplan—Meier curves were used to illustrate cumulative incidence by LT4 dose
group.? Absolute risk differences were estimated at 10 years.

To assess potential non-linear dose—response relationships, IPTW-adjusted Cox models
incorporating natural cubic splines with three degrees of freedom were fitted. Healthcare
utilisation was analysed using IPTW-weighted negative binomial regression, reporting

incidence rate ratios (IRRs) with 95% Cls.

Four sensitivity analyses were conducted. First, statin use was additionally included in the
inverse probability of treatment weighting model. Second, the calendar year was incorporated
into the outcome model. Third, analyses were restricted to participants with TSH

measurements recorded prior to LT4 initiation. Fourth, time zero was redefined as the

11
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initiation of the second LT4 prescription among participants receiving a repeat prescription.
Pre-specified subgroup analyses were conducted by sex assigned at birth, age group (51-64
years and >65 years), and TSH levels (<10-0 and >10-0 mU/L). All analyses were conducted
in R version 4.5.1, using the Matchlt package.?*

Role of the funding source

The funder of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report.

Results
Cardiovascular outcomes

A total of 19,027 adults were eligible for analysis (Figure 1). Of those 19,027 patients,
15,463 patients were included in the primary cardiovascular analysis. Based on TBW, 11,762
participants (76%) initiated LT4 at a dose of <1-0mcg/kg/day and 3,701 (24%) at a dose of
>1.0mcg/kg/day. After applying IPTW, the pseudo-population represented 15,430 (51%) and
14,899 (49%) participants in the low and high dose groups, respectively. Participants had a
median follow-up of 10-0 years (IQR 8:6-10-0).

Figure 1 Flow diagram illustrating cohort selection, inclusion and exclusion criteria,

and allocation to outcome groups.

After weighting, all covariates were well balanced between dose groups, with standardised
mean differences <0-1 (Appendix page 181). The weighted mean age was 67 years in both
treatment groups, with similar distributions of sex assigned at birth (22% versus 21% male),
smoking status (43% in both), comorbidity burden, and concomitant medication use (Table 2,
Appendix pages 182-184).

Median TSH was lower in the high dose group (5-7mU/L [2-6-10-2]) compared with the
low-dose group (6-8mU/L [5-2-9-8]), and this difference persisted at the end of follow-up
(2-3mU/L [1-2-4-6] versus 2-8mU/L [1-6-4-2]). Weighted mean free T4 concentrations were
higher in the high-dose group both at baseline (15-2 versus 13-1pmol/L) and at the end of
follow-up (17-3 versus 15-7pmol/L).

12
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In analyses based on TBW, initiating LT4 at a higher dose was associated with a statistically
significant increased risk of cardiovascular events compared with lower dose therapy (aHR
1-18, 95% CI 1-08-1-29) (Figure 2A). Consistent with these adjusted estimates, unweighted
event rates were higher in the high-dose group (19-7% vs 17-7%). Similar findings were
observed when dosing was defined by LBW (aHR 1-15, 95% CI 1-06-1-24) (Figure 2A).
Subgroup analyses generally demonstrated consistent trends, although not all estimates
reached statistical significance. The association was particularly evident among adults aged
>65 years for both TBW (aHR 1-18, 95% CI 1-08-1-29) and LBW (aHR 1-15, 95% CI 1-06—
1-24) based dosing. E-values for the cardiovascular outcomes ranged from 1-34 to 2-13,
indicating that a moderately strong unmeasured confounder would be required to fully
explain the observed associations (Appendix page 185). In sensitivity analyses, the
association with cardiovascular events was attenuated and no longer statistically significant in

the lag-adjusted analysis (Appendix pages 186-199).

Figure 2 Adjusted hazard ratios with 95% confidence intervals (Cl) and p-values for
Cardiovascular, Bone, and All-Cause Mortality Events by Levothyroxine Dose per
Total Body Weight and Lean Body Weight. (A) Cardiovascular events, (B) Bone

outcomes, (C) All-cause mortality.

Kaplan—Meier curves demonstrated a higher cumulative incidence of cardiovascular events
among participants initiated on higher LT4 doses (>1-0mcg/kg/day, TBW) compared with
lower doses (<1-0mcg/kg/day, TBW) (Figure 3A). Similar patterns were observed when
dosing was defined using LBW and split by sex assigned at birth (Appendix pages 200-201).
The weighted 10-year absolute risk difference between higher and lower LT4 dose groups
was 1-3% (95% CI -0-3-3-0) for the total body weight-based exposure definition and 0-7%
(95% CI -0-7-2-0) for the lean body weight-based definition. Spline analyses indicate
increasing cardiovascular risk with TBW-based LT4 dosing, whereas for LBW-based dosing,
risk appeared to increase modestly at doses between approximately 1-3-3-0mcg/kg/day
(Appendix pages 202-203).

Figure 3 Kaplan-Meier Survival Curve for Cardiovascular Events, Bone Outcomes and
All-Cause Mortality According to Levothyroxine Dose Based on Total Body Weight. (A)

Cardiovascular events, (B) Bone outcomes, (C) All-cause mortality.
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The red line represents the higher-dose group (>1-0mcg/kg/day), and the black line represents
the lower-dose group (<1-Omcg/kg/day). Shaded areas represent 95% confidence intervals.

Bone outcomes

Higher initial doses of LT4 (>1-0mcg/kg/day) were associated with a statistically significant
increased risk of bone outcomes compared with lower doses (<1-0mcg/kg/day). For TBW-
based dosing, the aHR was 1-29 (95% CI 1-16-1-43), and for LBW-based dosing, the aHR
was 1-16 (95% CI 1-06-1-28) (Figure 2B). Similarly, unweighted event rates were higher in
the higher-dose group (13-1% vs 9-1%). Subgroup analyses showed broadly consistent trends
across age, sex assigned at birth, and TSH categories, although confidence intervals
overlapped and not all estimates reached statistical significance. E-values ranged from 1-49
to 2-79, indicating that a moderately strong unmeasured confounder would be required to
fully explain the observed associations (Appendix page 185). Sensitivity analyses produced

comparable results (Appendix pages 186-199).

Kaplan—Meier curves demonstrated a higher cumulative incidence of bone events among
participants initiated on higher LT4 doses (>1-0mcg/kg/day, TBW) compared with lower
doses (<1-0mcg/kg/day, TBW), although the confidence intervals partly overlapped (Figure
3B). Comparable trends were observed for LBW-based dosing and when split by sex
assigned at birth (Appendix pages 204-205). The weighted 10-year absolute risk difference
was 3-04% (95% CI 1-58-4-49) for total body weight-based dosing and 1-74% (95% CI
0-51-2-78) for lean body weight—based dosing. Spline analyses suggested increasing bone
risk above approximately 1-6mcg/kg/day for TBW-based dosing and above 2-0mcg/kg/day
for LBW-based dosing (Appendix pages 206-207).

Mortality outcomes

Higher initial LT4 doses were associated with a statistically significant increased risk of all-
cause mortality compared with lower doses. Using TBW-based dosing, the aHR was 1-17
(95% CI 1-09-1-25), with a similar association observed using LBW-based dosing (aHR
1-12,95% CI 1-05-1-19). Unadjusted event rates were consistent (Figure 2C). Subgroup
analyses demonstrated broadly consistent patterns across age, sex assigned at birth, and TSH
categories, although statistical significance varied between strata. E-values for mortality
outcomes ranged from 1-28 to 2-21(Appendix pages 185). Sensitivity analyses produced
comparable results (Appendix pages 186-199).
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Kaplan—Meier curves indicated a modestly higher cumulative incidence of all-cause mortality
among participants initiated on higher LT4 doses (>1-0mcg/kg/day, TBW) compared with
lower doses (<1-0mcg/kg/day, TBW), with overlapping confidence intervals (Figure 3C).
Similar trends were observed for LBW-based dosing and when split by sex assigned at birth
(Appendix pages 208-209). The weighted 10-year absolute risk difference was 3-43% (95%
Cl11-74-5-13) for total body weight—based dosing and 2:17% (95% CI 0-76-3-47) for lean
body weight—based dosing. Spline analysis demonstrated a gradual increase in mortality risk
with TBW-based LT4 dosing above approximately 1-0 mcg/kg/day (Appendix page 210). For
LBW-based dosing, the relationship was less clear, with risk appearing to increase modestly

at doses between approximately 1-3-3-0 mcg/kg/day (Appendix page 211).

Secondary outcomes

Older adults with hypothyroidism who were initiated on higher LT4 doses had greater
healthcare utilisation compared with those started on lower doses. The higher dose group had
a statistically significantly higher number of visits compared with the lower dose group
(incidence rate ratio 1-09, 95% CI 1-06-1-13). Median visits were 246 (IQR 152-378) in the
lower dose group and 272 (IQR 164—422) in the higher dose group.

At study end, abnormal TSH levels (<0-4 or >4-0 mU/L) were recorded in 27%
(4,166/15,430) of participants in the low-dose group and 30% (4,470/14,899) of the high-
dose group. Within the low-dose group, 22% (917/4,166) had low, and 78%

(3,249/4,166) had elevated TSH values, compared with 43% (1,935/4,470) and 57%
(2,535/4,470), respectively, in the high-dose group. While the overall prevalence of abnormal
TSH did not differ between groups, the distribution of low versus high TSH values differed
between dosing groups, with low TSH observed more frequently among participants initiated
on higher LT4 doses.

Discussion

In this emulated target trial of adults aged over 50 years with primary hypothyroidism,
initiation of LT4 at doses greater than 1-0mcg/kg/day, whether based on TBW or LBW, was
associated with higher risks of cardiovascular events, bone outcomes, and all-cause mortality.
Notably, stratified analyses suggested that the potential harm of higher initial LT4 doses was
more pronounced in adults 65 years and over, whereas outcomes in the 50-64 years age group
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were largely non-significant, highlighting age-related differences in sensitivity to LT4
dosing. Participants initiated on higher LT4 doses also had a greater number of primary care
consultations, suggesting an association between higher initial dosing and increased
healthcare utilisation. Together, these findings indicate that higher initial weight-based LT4

dosing in older adults is associated with less favourable long-term outcomes.

For LBW-based dosing, binary analyses comparing doses above versus below

1-0 meg/kg/day suggested higher risks of cardiovascular events and mortality. In contrast,
spline analyses treating LBW as a continuous variable showed hazard ratios mostly near 1,
with only a modest increase in risk at doses between approximately 1-3-3-0mcg/kg/day. This
pattern may reflect a threshold effect around 1-0mcg/kg/day, which the binary analysis
captures, or the limited number of participants at very low or very high LBW doses, which
can flatten the spline curve. TBW-based dosing consistently showed increasing risk across

the relevant dose range in both binary and spline analyses.

These findings are consistent with previous observational studies linking LT4 overtreatment
to increased cardiovascular morbidity and mortality in older adults.® For example, prior
research has reported higher rates of atrial fibrillation among individuals receiving LT4 doses
exceeding 75mcg/day.? Similarly, the increased risk of osteoporosis and fractures observed
in this study aligns with earlier findings of adverse skeletal outcomes among older adults
treated with higher LT4 doses.?®-2® Previous literature also suggests that multiple LT4 dose
adjustments may be associated with increased healthcare utilisation, including more frequent

monitoring, medication adjustments, and management of complications.?®

Together, this literature supports that LT4 requirements derived from studies in younger
adults, typically approximately at 1-6mcg/kg/day, may not be appropriate for older
populations, who have lower lean body mass and increased hormone sensitivity. However,
the present study examines the initial prescribed dose rather than achieved biochemical
control and therefore complements rather than replaces evidence based on TSH-defined

overtreatment.
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Target trial emulation seeks to approximate the causal question that would be addressed in a
hypothetical RCT. This is achieved by strictly pre-defining eligibility, treatment, and follow-
up so that it matches as closely as possible to a target RCT, which minimises the biases
usually found in observational studies. To emulate random assignment to treatment arms, we
used IPTW.

This study’s strengths include its use of a large population-based UK primary care cohort
with long-term follow-up and the application of a target trial emulation framework to reduce
bias through clearly defined eligibility, treatment strategies, and follow-up.” To emulate a
randomised trial and improve comparability between treatment groups, IPTW was applied.
This method adjusts the contribution of each participant so that baseline characteristics are
balanced across groups, effectively creating a ‘pseudo-population’ whose size reflects the re-
weighted contributions of participants. In addition, the evaluation of dosing based on both
TBW and LBW provides a novel insight into practical alternatives for safer LT4 prescribing

in older adults.

Several limitations should be considered. As with all observational analyses, residual
confounding cannot be excluded, particularly confounding by indication, whereby patients
prescribed higher initial doses may differ systematically in ways not fully captured by
measured covariates. Although IPTW was used to balance observed baseline characteristics,
unmeasured factors such as disease severity, frailty, malabsorption, adherence, or clinician
prescribing preferences may have influenced both dose selection and outcomes. Race and
ethnicity data were not available within THIN, and, therefore, could not be accounted for in
the analyses, despite their potential association with healthcare access, treatment patterns, and
health outcomes. In addition, the study population was highly selected, comprising
approximately 5% of patients identified in the database who met eligibility criteria; this
reflects the application of strict inclusion and exclusion criteria required for the emulated
target trial design, but may limit generalisability to all LT4 users in routine clinical practice.

Longitudinal data on dose adjustments, adherence, and serial TSH measurements were
incomplete, precluding per-protocol analyses. Analysis therefore focused on initial LT4 dose
as a proxy for intended treatment strategy, based on exposure at treatment initiation,
recognising that subsequent titration commonly occurs in clinical practice. For cardiovascular

outcomes, the association observed in the primary analysis was attenuated and no longer
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statistically significant when time zero was redefined at the second LT4 prescription. This
finding suggests that part of the observed cardiovascular association could reflect early

treatment changes, treatment persistence, or residual confounding. In contrast, associations
with bone outcomes and all-cause mortality remained broadly consistent across sensitivity

analyses.

Estimated lean body weight may be inaccurate in frail older adults, potentially causing
misclassification.3® Excluding patients without recorded weights could introduce selection
bias, since weights are more often measured in those with multiple comorbidities or in
individuals who are underweight or overweight. Categorising doses using a 1-0 mcg/kg/day
threshold may group widely different doses together while separating similar doses across the
cut-off, potentially obscuring dose—response relationships. Sensitivity analyses using natural
cubic splines to model dose continuously produced similar associations, supporting the

robustness of the findings.

Some baseline measurements, including TSH, may have been recorded shortly after LT4
initiation, which could influence the observed associations. TSH and body weight were
defined as the closest measurements within three months before or after treatment, reflecting
real-world UK primary care practice where some values may be entered electronically post-
initiation. Consequently, the lower TSH and higher free T4 observed in the high-dose group
may partly reflect early treatment effects rather than true pre-treatment thyroid function. Free
T4 and free triiodothyronine were measured inconsistently and therefore not included in
weighting. However, in sensitivity analyses restricted to participants with TSH measurements
recorded prior to LT4 initiation, effect estimates were materially unchanged, suggesting that

inclusion of post-initiation measurements did not substantially bias the findings.

Diagnosis was based on a coded record of primary hypothyroidism, and thyroid-stimulating
hormone (TSH) was included as a baseline variable without systematic free T4 or free
trilodothyronine measurements, as these were not routinely recorded. This approach captures
both overt and subclinical disease. Nevertheless, initial LT4 dosing is generally
recommended uniformly for elevated TSH, which aligns with the study’s focus on initial
dosing strategies. Patients with post-surgical or post-ablative hypothyroidism were excluded
to maintain a clinically homogeneous cohort, as these individuals typically require immediate

full replacement dosing and follow different treatment pathways.
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THIN captures only UK primary care data and does not reliably include information on
ethnicity, family history, consultation type, or secondary care. The cause of death was not
available, precluding assessment of cause-specific mortality and limiting interpretation of
mortality findings. Death represents a competing risk for cardiovascular and bone outcomes,
and this limitation should be considered when interpreting the results. Healthcare utilisation
was included as a secondary outcome and could also act as a mediator, potentially
influencing dose titration and earlier detection of complications. The analyses conduced
involved multiple outcomes, exposure definitions, and subgroup comparisons, and certain
estimates, particularly in subgroups, may reflect chance rather than true associations.
Residual confounding from unmeasured factors, as well as from variation between practices
and care pathways, cannot be excluded. Prescribing practices for LT4 may have changed over
the study period (2006-2021), and evolving clinical guidance and clinician behaviour could
have introduced residual confounding. Diagnostic coding inaccuracies and the restriction to

primary care may limit generalisability to other settings or healthcare systems.

These findings highlight potential risks associated with higher initial LT4 dosing in adults
over 50 years, particularly in those aged 65 years and over, and underscore the need for
careful dose selection and monitoring in this population. The results describe associations
observed in routine clinical practice and should not be interpreted as prescriptive dosing
recommendations. Clinical decisions should continue to balance symptom control,

biochemical targets, comorbidities, and patient preferences.

While weight-based LT4 dosing may provide a more tailored approach, its implementation in
routine primary care requires consideration of feasibility. Accurate weight measurement is
essential, and calculation tools could be integrated into electronic prescribing systems or
clinical decision support prompts to help facilitate safe and practical dosing in everyday

practice.

Future research should aim to evaluate alternative LT4 initiation strategies in older adults,
ideally through pragmatic randomised trials or prospective cohort studies incorporating
adherence monitoring, serial thyroid function testing, cardiovascular and skeletal endpoints,

and patient-reported outcomes. Further work is also needed to clarify optimal TSH targets
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and the influence of frailty, multimorbidity, and polypharmacy on LT4 requirements in

ageing populations.
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table 1

Table 1 Overview of the target trial and its emulation to estimate the effect of levothyroxine (LT4) dose per

body weight on vascular, bone, and mortality outcomes.**14

Protocol Component

Target Trial (ideal RCT)

Trial Emulation using observational data

Eligibility criteria

e  Adults aged >50 years on January 1, 2006.
. Diagnosis of primary hypothyroidism.
e  Prescribed LT4.

Similar as target trial, plus:

e >6 months of follow-up data available.

e  LT4 therapy initiated during the observation period.

. Baseline TSH and body weight recorded within three
months before or after LT4 initiation.

e No history of secondary hypothyroidism (pituitary
disease), other thyroid disorders, or prior thyroid
treatment.

Each outcome measure will be analysed separately using

bespoke patient cohorts. Additional criteria for these are:

e  Cardiovascular cohort: no history of pre-existing
cardiovascular disease relevant to the outcome

. Bone health cohort: no history of bone disease relevant
to the outcome

Treatment strategies

1. LT4 initial dose >1mcg/kg/day.
2. LT4 initial dose <Imcg/kg/day.

Same as the target trial.

Assignment
procedures

Random assignment to treatment strategy at baseline.

Randomisation emulated using inverse probability of
treatment weighting (IPTW) based on baseline covariates.

Follow-up period

Begins at randomisation; ends at outcome event, death, or
ten years.

Begins at LT4 initiation; ends at outcome event, death,
administrative censoring, or ten years.

Outcome

Vascular, bone, or mortality event within ten years.

Each outcome will be analysed separately:
1.  Cardiovascular disease
2. Bone health
3. All-cause mortality

Causal contrasts of
interest

Intention-to-treat principle
estimating the effect of treatment assignment.

Effect of initial treatment dose assignment.

Identifying
assumptions

Randomisation ensures exchangeability, positivity, and
consistency.

Exchangeability assumed conditional on measured covariates;
positivity checked via propensity score overlap and extreme
weight truncation; consistency assumed with treatment defined
by initial LT4 dose category.

Analysis plan

Cox proportional hazards models (for vascular, bone, and
mortality outcomes).

Same as target trial, weighted by IPTW.




Table 2

Table 2 Baseline characteristics of the study population by levothyroxine dose group based on total body weight, after weighting.

Cardiovascular cohort Bone cohort Mortality cohort

Characteristic Low Dose High Dose Low Dose High Dose Low Dose High Dose
(Weighted) (Weighted) (Weighted) (Weighted) (Weighted) (Weighted)

N 15,430 14,899 14,939 14,609 18,990 18,329
Sex, n (%)

Male 3,420 (22%) 3,177 (21%) 3,955 (26%) 3,733 (26%) 4,731 (25%) 4,390 (24%)

Female 12,010 (78%) 11,722 (79%) 10,984 (74%) 10,876 (74%) 14,259 (75%) 13,939 (76%)
Smoking status, n (%0)

Smoker 6,687 (43%) 6,483 (44%) 6,756 (45%) 6,613 (45%) 8,575 (45%) 8,307 (45%)

Non-smoker 8,743 (57%) 8,416 (56%) 8,183 (55%) 7,996 (55%) 10,415 (55%) 10,022 (55%)
Proton pump inhibitor use, n (%)

Yes 5,262 (34%) 5,053 (34%) 5,420 (36%) 5,228 (36%) 7,173 (38%) 6,876 (38%)

No 10,168 (66%) 9,846 (66%) 9,519 (64%) 9,381 (64%) 11,817 (62%) 11,453 (62%)
Hormone therapy, n (%)

Yes 213 (1%) 205 (1%) 198 (1%) 191 (1%) 259 (1%) 247 (1%)

No 15,217 (99%) 14,694 (99%) 14,741 (99%) 14,418 (99%) 18,731 (99%) 18,082 (99%)
Statin use, n (%)

Yes 6,244 (40%) 6,190 (42%) 7,099 (48%) 7,061 (48%) 9,188 (48%) 9,035 (49%)

No 9,186 (60%) 8,709 (58%) 7,840 (52%) 7,548 (52%) 9,802 (52%) 9,294 (51%)
Chronic pulmonary disease, n (%)

Yes 2,266 (15%) 2,153 (14%) 2,333 (16%) 2,270 (16%) 3,154 (17%) 2,981 (16%)

No 13,164 (85%) 12,746 (86%) 12,606 (84%) 12,339 (84%) 15,836 (83%) 15,348 (84%)
Hypertension, n (%)

Yes 8,431 (55%) 8,155 (55%) 8,908 (60%) 8,695 (60%) 11,619 (61%) 11,225 (61%)

No 6,999 (45%) 6,744 (45%) 6,031 (40%) 5,914 (40%) 7,371 (39%) 7,104 (39%)
Asthma, n (%)

Yes 1,548 (10%) 1,463 (10%) 1,522 (10%) 1,489 (10%) 2,051 (11%) 1,964 (11%)

No 13,882 (90%) 13,436 (90%) 13,417 (90%) 13,120 (90%) 16,939 (89%) 16,365 (89%)
Dyslipidaemia, n (%)

Yes 1,864 (12%) 1,801 (12%) 2,240 (15%) 2,211 (15%) 2,942 (15%) 2,791 (15%)

No 13,566 (88%) 13,098 (88%) 12,699 (85%) 12,398 (85%) 16,048 (85%) 15,538 (85%)
Diabetes, n (%)

Yes 342 (2%) 417 (3%) 383 (3%) 501 (3%) 521 (3%) 606 (3%)

No 15,088 (98%) 14,482 (97%) 14,556 (97%) 14,108 (97%) 18,469 (97%) 17,723 (97%)

Cancer, n (%)



Cardiovascular cohort Bone cohort Mortality cohort

Characteristic Low Dose High Dose Low Dose High Dose Low Dose High Dose
(Weighted) (Weighted) (Weighted) (Weighted) (Weighted) (Weighted)
Yes 776 (5%) 667 (4%) 827 (6%) 683 (5%) 1,044 (5%) 913 (5%)
No 14,654 (95%) 14,232 (96%) 14,112 (94%) 13,926 (95%) 17,946 (95%) 17,416 (95%)
Continuous Variables
Age (years), mean (SD) 67 (10) 67 (10) 68 (10) 68 (10) 68 (10) 68 (10)
Weight (kg), mean (SD) 79 (19) 75 (16) 80 (19) 75 (16) 79 (19) 75 (16)
BMI (kg/m2), mean (SD) 30 (6) 28 (6) 29.6 (6.3) 28.2 (5.5) 29.6 (6.4) 28.1 (5.6)
TSH (ulU/mL), median [IQR] 6.9 5.2, 9.8] 57[2.6,10.2] 6.9[5.2,104] 5.1[54,104] 6.9]5.2,10.5] 4.512.0,8.0]
fT4 (pmol/L), mean (SD) 13.1(2.8) 15.2 (3.6) 13.1(2.7) 15.1 (3.6) 13.1(2.8) 15.3 (3.6)
Levothyroxine dose per weight 0.5[0.3,0.7] 1.41[1.2,1.6] 05[0.3,0.7] 14[1.2,1.6] 0.5[0.3,0.7] 1.41[1.2,1.6]

(mcg/day/kg), median [IQR]
LT4, levothyroxine; FT4, free thyroxine; TSH, thyroid-stimulating hormone; SD, standard deviation; IQR, interquartile range (25th—75th

percentile). Low dose defined as LT4 dose <1-0 mcg/kg/day; high dose defined as LT4 dose >1-0 mcg/kg/day. FT4 and TSH were defined as the
closest available measurements within 3 months before or after treatment initiation, selecting the value nearest to time zero.




Figure 1
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B. Bone health events
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C. All-cause mortality
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Figure 3\, Cardiovascular event
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B. Bone event
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C. Mortality event
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point by point

Dear Editors,
We thank the reviewers and editors for their comments on our manuscript. We have
revised the manuscript accordingly and provide point-by-point responses below:

Reviewer 4: | appreciate that the authors performed the analyses | suggested including
to exclude patients with TSH checked after the date of the prescription, and introducing
a lag. These results are presented in the supplements and the authors choose to
discuss these as being "similar" to the main results. However, | disagree with this
presentation for two reasons.

First, including post-treatment TSH is a methodological flaw and so table 2 and the
relevant analysis about high and low TSH at "baseline" should be reported as
pretreatment if it is going to be relevant to clinical decision-making. If it is in fact the
case that those in the high dose group continue to have lower pre-dose TSH levels than
those in the low dose group (we don't know because you do not provide an updated
table)

[Editorial note: please provide the updated table 2 in the appendix reported as
pretreatment for comparison]

We agree that pretreatment measurements are clinically most relevant. We have
therefore added a supplementary baseline table restricted to participants with
pretreatment TSH measurements only (Appendix p19), allowing direct
comparison with the primary analysis.

2) | would start to wonder about missing data, and that perhaps your high dose group is
actually being titrated later compared to the others - which makes the lag analysis even
more important. And the lag analysis is not "similar". Figure S4 should not be in
supplements. In particular, with a lag introduced, the findings for cardiovascular disease
are no longer statistically significant.

[Editorial note: please make sure this is clearly acknowledged in the main text, results,
and the potential effects of missing data further discussed in the limitations]

To address this concern, we now explicitly state in the Results and Discussion
that the association between higher LT4 dose and cardiovascular outcomes was
attenuated and no longer statistically significant after introducing a lag period.
We agree that this finding raises the possibility that early events and healthcare
utilisation patterns may partly explain the primary association and have
discussed this as a limitation.

3) Finally, | am concerned about downplaying the missing information for these
subgroups - | doubt that it would affect the main findings, but it is a variable that is
missing and that usually correlates with important attributes of patient's health care
access and response. The authors response notes that race/ethnicity data was not
available and said that this was addressed in the discussion on limitations, but | do not
see it where is should most appropriately be discussed, in the section on residual
confounding. Instead, it is folded in to a later list on data not available in THIN (line 514),
all of which (cause of death, health care utilization and practice variation) is discussed in



detail except this. My suggestion is to add it to the paragraph below, which is where |
think the response to reviewers suggested it was going to go: "Several limitations
should be considered. As with all observational analyses, residual 469 confounding
cannot be excluded, particularly confounding by indication, whereby patients 470
prescribed higher initial doses may differ systematically in ways not fully captured by
471 measured covariates. Although inverse probability of treatment weighting was used
to 472 balance observed baseline characteristics, unmeasured factors such as disease
severity, 473 frailty, malabsorption, adherence, or clinician prescribing preferences may
have influenced 474 both dose selection and outcomes." [Editorial note: please
expand the limitations as suggested]

Following the reviewer's suggestion, the Limitations section now discusses the
absence of ethnicity data within the paragraph on residual confounding.

1) Reviewer 5: Thank you for addressing my previous comments. My outstanding
comments relate to: 1. your defence of relying on TSH measurement as the main
indicator for hypothyroidism, using ref 11 as justification for this. Ref 11 is a CKS that is
not available to readers outside the UK so | couldn't check your statement that 2
separate measurements of TSH can be used to diagnose hypothyroidism. The related
and more comprehensive NICE Guidance does not suggest this
(https://www.nice.org.uk/guidance/ng145/chapter/Recommendations#managing-
primary-hypothyroidism). It specifically states that if TSH is raised a T4 measurement
should be conducted on the same sample - maybe this isn't available in the UK but it
seems strange that it would feature in a NICE Guidance if not. [Editorial note: please
make sure this is clarified further, see also Editorial point below]

We thank the reviewer for highlighting this. We have removed the implication that
TSH alone is sufficient for diagnosis under NICE guidance. The manuscript now
clarifies that NICE recommends assessment of fT4 when TSH is elevated, but that
fT4 was incompletely recorded in THIN and therefore could not be incorporated
consistently into cohort definition or adjustment.

2) My comment on the limitation of not examining the modification of treatment over the
follow up period, being the norm in clinical practice was addressed by a sensitivity
analysis redefining time zero at the second LT4 prescription. | don't think this really
addresses the issue though you do state the following as a limitation: 'subsequent
titration commonly occurs in clinical practice', which does partially address it.

The use of the term intention-to-treat in this context seems a bit misleading to me given
that, unlike in randomisation you haven't controlled for unknown confounders. [Editorial
note: please avoid using this terminology and simply define the populations assessed]

In response to this comment, we have removed the term “intention-to-treat” and
now define the cohort according to LT4 dose at initiation.

Your abstract conclusion is appropriately cautious given the limitations.



Reviewer 6: Thank you for the thoughtful revision. The responses on E-values, multiple
testing, the mediator framing, and the LBW spline-versus-binary all read well. However,
there are still a few small but essential details missing.

1) The new ARDs are helpful, but please specify the time horizon and provide
confidence intervals. Adding them to the abstract would also be consistent with the rest
of the revision. [Editorial note: please note this is required for all estimates presented
across the paper]

We now report 10-year absolute risk differences with corresponding 95%
confidence intervals throughout the manuscript, including in the abstract.

2) My suggestion was to consider including calendar year in the propensity score
model. The Discussion now acknowledges temporal trends, which is appreciated, but
the analytic suggestion was not taken up. Could you either incorporate it or briefly
explain why not? It can also be put into the regression model as a covariate to check it
doesn't change, ie, doesn't need to be in PS exposure model, just the outcome model.

We performed a sensitivity analysis additionally adjusting for calendar year of
LT4 initiation. Inclusion of calendar year did not materially alter the estimated
associations (Appendix p17), therefore the primary model is unchanged.

3) The text states overlap was assessed, but a figure or summary statistics (PS density
plot, or distribution of stabilised weights and effective sample size) would let me/readers
see this directly. Given the 76/24 split and 1st/99th percentile truncation, this is
important for this paper, as well as aligning with TARGET. [Editorial note: please make
sure this added]

Accordingly, propensity score overlap plots have been added to the
Supplementary Material.

EDITORS' POINTS: Please note that the list of editorial comments has been tailored to
your manuscript, so we expect a response to all of the points.

1) Please note that we are a gold open access journal. You can find information about
our article processing charges (APCs) at https://www.thelancet.com/open-

access. Please note that as part of our launch, we are reducing the APC to 50% for
papers submitted by 30 June, 2026, which would apply if your manuscript is finally
considered suitable for acceptance.

2) Generally, please ensure that all results are presented in a balanced, unbiased way,
including clearly stating where findings are non-significant. Note that we often edit
manuscripts post-acceptance to ensure the unbiased presentation of results, but it is
preferable for authors to ensure this is the case at revision stage.

The manuscript has been reviewed throughout to ensure balanced and unbiased
reporting of all findings. Non-significant results are now explicitly stated where



relevant, including the attenuation of the cardiovascular association in the lag-
adjusted analysis.

3) Your revised paper should have fewer than 3500 words and a maximum of 30
references. The abstract should be structured (background, methods, findings,
interpretation, funding) and should be less than 300 words long. However, we support
full reporting of study methods and results, so please ensure that all changes are made
in response to the editorial points even if this means that the paper goes over these
word limits (Introduction and Discussion sections can be made more concise if
necessary).

Where necessary, text has been condensed while ensuring that all requested
details are retained.

4) Please check with your co-authors, and confirm that all names are spelt correctly, and
affiliation details for each author are listed correctly (including department, institution,
city, state [if applicable], and country). We cannot guarantee that we will be able to
correct names and affiliations after publication of your article.

We have confirmed with all co-authors that author names and affiliations are
correct.

5) Please ensure that you include full first names for all authors and please supply (after
author names on the title page) one preferred degree per author and indicate in the
authorship if any authors are full professors (ie, Prof X, MD). Please note that we do

not indicate assistant or associate professors.

Full first names and degree designations have been provided for all authors.

6) If accepted, only 5 non-text items (figures or tables) can be
accommodated; additional material can be provided for in an appendix (see below for
formatting instructions).

The figures and tables have been revised accordingly.

7) Table 1. This table is informative, but please make sure the Methods elaborate on the
emulated trial decisions as requested below.

Additional detail on the target trial specification and emulation decisions has now
been incorporated into the Methods section.

8) Table 2. The table should include all selected patients, not only those in the
cardiovascular cohort. Please amend with a pooled cohort across outcomes, or
alternatively, present columns for the three key cohorts (ie, one per outcome; this is our
preference). Please provide full categories (ie, male vs female, if sex was considered a
binary variable; smoker vs non smoker; hypertension (yes/no); etc). Please present a



breakdown of the ethnic/racial backgrounds of the participants in the baseline
characteristics table if possible. If not available as you suggested, please add a footnote
to the table stating why this was not available.

Table 2 has been revised to present baseline characteristics separately for the
cardiovascular, skeletal, and mortality cohorts, as requested. Full categorical
breakdowns are now provided for all binary and categorical variables. A separate
ethnicity category has now been included in Table 2 to provide a breakdown of
participants' ethnic backgrounds, including the proportion of missing ethnicity
data.

9) Figure 1. Patient selection. Please amend with a pooled cohort across outcomes, or
alternatively, present different flows for the three key cohorts analysed (ie, one per
outcome). Probably the later would be most helpful to readers given how the figures are
presented.

Figure 1 has been revised to present the cardiovascular, skeletal, and mortality
cohorts separately.

10) Figure 2. Forest plot — the x-axis should be on a log scale if risk ratios, odd ratios, or
prevalence are presented. Please also provide number of events and number of
patients in each group. Examples for how to present forest plots/these data can be
found here https://www.thelancet.com/journals/lanonc/article/P11S1470-2045(22)00793-
8/fulltext and here https://www.thelancet.com/journals/lanonc/article/P11S1470-
2045(22)00283-2/fulltext

We have revised all forest plots accordingly.

11) Figures 3, 4, 5. Please label these as panels (A, B, C) of the same figure 3, since
they all present survival for the different outcomes in the 2 selected dose groups. For
these kaplan-Meier curves: Please add number at risk and the number of patients
censored in each group for each time point on your K-M curves. Please ensure both are
cumulative and please use the format “number at risk (humber censored)”. Please
change the scale on the y axis to 0—100.

Figures 3-5 have been combined and are now presented as panels A-C of Figure
3. Number at risk and cumulative number censored are now displayed for each
group. The y-axis has also been rescaled.

12) FIGURES: Please ensure that you provide your figures in editable formats. For trial
profiles (clinical trials) and study selection diagrams (systematic reviews and meta-
analyses), Word files (.doc or .docx) made of boxes with editable text are preferred. For
any statistical images such as histograms, survival or time-to-event curves, line graphs,
scatter graphs, and forest plots you should provide editable vector files (ie, the original
artwork generated by the statistical package used to make the image, typically by using
“Export” or “Print to file” commands); our preferred formats for these files are .eps, .pdf,



or .ai. Photographic images must be provided at a minimum of 300 dpi at 107 mm wide.
We cannot guarantee accurate reproduction of images without these files. For more
information, see download.thelancet.com/flatcontentassets/authors/artwork-
guidelines.pdf

All figures have been supplied in editable vector formats in accordance with
journal requirements.

13) TABLES: Tables should be supplied in a separate Word file (not Excel or fdf/pdf).
Each row of data should be in a separate line. Please ensure that rows and columns are
not tabbed; data should be entered in cell form.

All tables have been supplied as editable Word tables in accordance with journal
requirements.

14) REQUIRED CHECKLISTS: please confirm that your study conforms to the relevant
guidelines by completing and returning the checklist: TARGET for reporting

of observational studies emulating a target trial — https://www.equator-
network.org/reporting-guidelines/22462/ and https://target-quideline.org/.

The TARGET checklist has been completed and submitted in the Supplementary
Material.

15) We adhere to the CRISP reporting guidelines to improve the reporting of research
relevant to primary care. Please complete and return the CRISP checklist and
implement the necessary changes to the main text of the paper to make sure your
paper is reported in a way that is accessible to the diverse primary care community. You
can find the checklist at https://www.equator-network.org/reporting-
guidelines/improving-the-reporting-of-primary-care-research-consensus-reporting-items-
for-studies-in-primary-care-the-crisp-statement/

The CRISP checklist has been completed and submitted.

16) The Lancet Primary Care endorses the SAGER guidelines for reporting of sex and
gender information in study design, data analyses, results and interpretation of
findings: https://www.equator-network.org/reporting-guidelines/sager-guidelines/. For all
study types, we encourage correct use of the terms sex (when reporting biological
factors) and gender (when reporting identity, psychosocial, or cultural factors). Where
possible, please report the sex and/or gender of study participants, and describe the
methods used to determine sex and gender. Separate reporting of data by demographic
variables, such as age and sex, facilitates pooling of data for subgroups across studies
and should be routine, unless inappropriate. Please also discuss the influence or
association of variables, such as sex and/or gender, on your findings,

where appropriate, and the limitations of the data.


https://target-guideline.org/

The manuscript has been revised in accordance with SAGER guidance. Sex was
derived from routinely recorded electronic health records and this has been
clarified in the Methods.

17) | wonder if you might consider the possibility of presenting duplicate versions of
current figures 3, 4, 5 in the appendix, with the data disaggregated by sex. We have
recently launched an initiative to encourage authors to consider the SAGER guidelines
when reporting their data (ultimately the goal is to encourage considerations of
sex/gender at the planning stage of trials and prospective cohort studies), and given the
topic, there is a possibility that this might reveal interesting differences (but would also
be interesting if it does not).

Sex-disaggregated Kaplan—Meier curves have been added to the appendix
(Appendix p31) and are referenced in the manuscript.

18) The Lancet Group has developed guidance on reporting race and ethnicity to
advance equity (https://www.thelancet.com/journals/lancet/article/PIIS0140-
6736(24)01081-X/fulltext). We encourage researchers to include people from
minoritised racial or ethnic populations as participants, and to plan to report and analyse
data by race, ethnicity, or both. When reporting on race or ethnicity in the Methods,
please define the definitions, categories, or conceptual framework used and how these
were assigned. Please also state if the terms used for data collection were not your own
(eg, they are the existing terms used in an established database). If race or ethnicity
data were not collected, please briefly give the reason/s. In the Discussion, please
discuss the representativeness of the study population. Race and ethnicity are
sociocultural constructs, not biological traits. Thus, when discussing data in relation to
race or ethnicity, please discuss the potential limitations of these data and the possible
role of unmeasured confounders, such as socioeconomic and other structural drivers.
Consider a strengths-based approach (how findings might promote health) rather than a
deficit discourse focused on problems. For research focused on groups that have
historically been marginalised, how was community engagement prioritised in the
research process? (Eg for Indigenous health papers, a possible tool is the CONSIDER
statement.)

Race and ethnicity data were not routinely available within THIN and therefore
could not be analysed. We have clarified this in the Methods and expanded the
Discussion to acknowledge the implications for representativeness.

1. SUMMARY (ABSTRACT): must include:

* Background: Ending with a sentence indicating the aim of this study. Briefly justify here
the use of a target emulation trial approach.

* Methods: Identify the study as an attempt to emulate a trial and described the
observational data used for emulation. Please add the cutoff dates applied to the
datasets used.

* Methods: summarise the specified target trial and key assumptions, justifying the
treatment dose cutoffs used (>1-0 vs <1-0 mcg/kg/day)



* Methods: A brief summary of the main patient/cohort characteristics (including age
limit, disease status, treatments, etc).

* Findings: please summarise key characteristics, report the sex/gender and
race/ethnicity breakdown of the participants if possible.

* Findings: Efficacy data for the three key endpoints considered.

* Interpretation: please do not just restate your findings. What do they mean, clinically?
What are their implications in primary care?

The Abstract has been revised in accordance with the editor’s recommendations.

1. INTRODUCTION: Please ensure the introduction states the rationale for using an
emulated trial design. Summarise the casual question of the emulated trial. State
the objectives of the study related to benefits and harms.

The Introduction has been revised to further justify the use of a target trial
emulation design, define the causal question being addressed, and clarify the
study objectives relating to both potential benefits and harms of weight-based
levothyroxine dosing.

2. MAIN TEXT: The main text should be structured as follows: Introduction, Methods,
Results, Discussion. Note that subheadings should only be used within the Methods
section. The Methods section should be structured as: Study design and participants,
Procedures, Outcomes, Statistical analysis, Role of the funding source (see below).
3. Methods, Study design and participants. If applicable, please ensure that the
following items are included

* Describe the dataset used: original purpose, type, the geographic locations, setting
and time-period. If relevant, describe how the data were linked or pooled. Provide the
eligibility criteria, and the sources and methods of selection of participants.

* Please follow the TARGET checklist to ensure you include all relevant details
comparing a target trial specification and the target trial emulation, extending the
information provided in table 1.

* Move here the information given on ethical considerations please. IRB or ethical
approval, including the name of the ethical review broad and approval number. If
multiple approvals were obtained this multi-site trial, please name the main approving
board and approval number here and add all others to the acknowledgments or
appendix.

* Nature of consent sought. Please specify if you had a consent waiver given you used
an available dataset.

* Alink to the protocaol, if you had one. And any protocol amendments that occurred to
affecting trial recruitment or conduct during the study. Please provide the date of
amendment and the protocol number. Any other amendments should be described in
the appendix and cited here.

The Methods have been restructured in accordance with these requirements.
Additional information has been included regarding the THIN database,



participant selection, target trial specification, ethical approval, consent waiver,
and protocol availability (with a link provided to institutional website).

1. METHODS: Procedures. Please ensure the following items are included:
* For the dataset:

* State what data were collected, by whom, and when.

* State the method used to collect sex/gender data (eg, self-report, genetic testing). If
self-reported by study participants, indicate what options were provided.

* State the method used to collect race/ethnicity data (eg, self-report, census, registry
data).
* For each variable of interest, give sources of data and details of methods of
assessment (measurement).
* Describe here the assignment procedures, follow-up.
* Define all outcomes, exposures, predictors, potential confounders, and effect
modifiers.
* Describe any efforts to address potential sources of bias.
* If Al technology was used in any part of the study methods, please describe: (1) how it
was used (with sufficient detail to enable replication); (2) the name of the tool; (3) the
version of the tool; and (4) what prompts were used, if applicable.

The Procedures section has been revised in accordance.
1. Methods: Outcomes. This section is ok as it is.

2. Methods: Statistical analysis. As applicable, please ensure the following items are
included:

* Describe here the outcomes, casual contrasts, identifying assumptions and data
analysis plan for the emulated trial.

* Definitions of population assessed for outcomes. Please follow the statistical reviewer
advice against using ITT in this content given lack of randomisation.

* Statistical methods for analysis of the outcomes.

* Describe all statistical methods, including those used to control for confounding

* Describe any methods used to examine subgroups and interactions

* Describe how missing data were addressed

* Describe any sensitivity analyses, etc.

* Software package (and version number) used for statistical analyses.

The Statistical Analysis section has been expanded to describe the causal
contrast of interest, identifying assumptions, confounding control methods,
subgroup analyses, handling of missing data, sensitivity analyses, and statistical
software used. The term "intention-to-treat" has been removed throughout.

1. The Lancet journals are very supportive of protocol-based research and encourage
authors to post the protocol document on a publicly accessible website; a margin link to
the website will then be put in the paper. Would you like to do this for your protocol? If
so, please provide the link in the Methods section of the main text. Please note that if



you do wish to do this, the weblink must be permanent. Alternatively, the protocol can
be included in your appendix if you wish - please indicate this in your responses.

The study protocol has been made publicly available and the link has been added
to the Methods section.

2. Lancet style is to have a 'Role of the funding source' at the end of the methods. The
following points need to be addressed in the "Role of the funding source" statement:

* The role of the funders in the study design.

* The role of the funders in the collection, analysis, or interpretation of the data.

* The role of the funders in the writing of the report.

* If the funding source had no role then this should be stated (ie, "The funder of the
study had no role in study design, data collection, data analysis, data interpretation, or
writing of the report").

A 'Role of the Funding Source’ statement has been added to the end of the
Methods section.

1. RESULTS: General reporting guidance

* Lancet style is to provide p values to two significant figures, unless p<0.0001 (note
number of decimal places). The exception is certain genetics studies, in which smaller p
values can be reported exactly using scientific notation.

* It is Lancet style to give actual numbers (numerator and denominator) together with all
percentages, throughout the text and in tables etc. Percentages should be rounded to
whole numbers unless the study population is larger than 1000 individuals.

1. Results: Please explicitly state the number of patients included in analyses. For any
patients/individuals excluded, please provide reasons why.

* Please give median follow-up (and IQR) for the analyses presented.

* Please ensure number of patients/individuals who had an event are stated for each
treatment group (eg, progression event or death for PFS, death for OS, etc.)

* If appropriate, for the main outcome measures, please include a result for each
group, plus a point estimate (eg, RR, HR) with a measure of precision (eg, 95% CI) for
the absolute difference between groups, in both the abstract Findings section and the
main Results section of the paper.

* Data presented with descriptive statistics should be given as mean (SD), or as
median (IQR) if not following a normal distribution, to indicate their variability.

* All estimates should be provided with 95% Cls (not SEM) to indicate their
precision. Please also give 95% CI for hazard ratios/odds ratios.

* Give unadjusted estimates and, if applicable, confounder adjusted estimates and
their precisions (95% Cls), making sure that the confounders adjusted for are defined
clearly and justified in the manuscript.

* For continuous variables, as appropriate, please ensure that category boundaries
are categorised

* If appropriate, please consider translated estimates of relative risk into absolute risk
for a meaningful time period.



* Please add 95% Cl to all time-to-event data and other data derived from Kaplan-
Meier analyses.

The Results section has been revised to comply with these recommendations.

2. DISCUSSION: Please ensure that the section on limitations of the study includes:
* The fact that the study includes a highly selected group of patients that might not
represent levothyroxine users and comprised 5% of patients identified in the database
* The fact that many patients with subclinical hypothyroidism were included because
only THS levels were considered in the patient selection (no free T3/T4) and discuss
how this makes the study reflect real world practice

The limitations section has been expanded to acknowledge that the study cohort
represents a selected subset of levothyroxine users and may not be fully
representative of all individuals receiving treatment. We have also discussed the
inclusion of patients identified using TSH measurements alone and how this
reflects routine primary care practice.

3. STATEMENTS AND FORMS: Author contribution statement

* All authors are required to provide a signed author contribution statement form,
available to download at https://www.thelancet.com/pb-assets/Lancet/authors/tipc-
author-signatures.pdf(completed forms should be uploaded with your revised
manuscript if not already submitted).

* The Lancet’s journals require that more than one author has verified the underlying
data in all research articles. Please state which author(s) have accessed and verified
the data, and which author(s) were responsible for the decision to submit the
manuscript. For research articles that are the result of an academic and commercial
partnership, at least one of the authors named as having accessed and verified data
must be from the academic team. The contributors statement should state who
those authors are.

* Please note, that if an author is added or deleted from the author list, we need a
signed statement from the other authors to agree to the amendment and the current
order of the authors in the list (including the author who was removed).

The Author Contributions statement has been completed.

1. Conflict-of-interest statements for individual authors:

* All authors should complete and return an ICMJE conflict of interest form, available to
download at https://www.thelancet.com/forms?section=icmje-coi

* A conflict of interest exists if authors or their institutions have financial or personal
relationships with other people or organisations that could inappropriately influence
(bias) their actions. Financial relationships are easily identifiable, but conflicts can also
occur because of personal relationships, academic competition, or intellectual passion.
A conflict can be actual or potential, and full disclosure to The Editor is the safest
course. Failure to disclose conflicts might lead to publication of an Erratum or even to
retraction. All submissions to The Lancet Primary Care must include disclosure of all



relationships that could be viewed as presenting a potential conflict of interest

(see Lancet 2001; 358: 854-56 and Lancet 2003; 361: 8-9). The Editor may use such
information as a basis for editorial decisions, and will publish such disclosures if they
are believed to be important to readers in judging the manuscript.

* At the end of the text, under a subheading "Declaration of interest", all authors

must disclose any financial and personal relationships with other people or
organisations that could inappropriately influence (bias) their work. Examples of
financial conflicts include employment, consultancies, stock ownership, honoraria, paid
expert testimony, patents or patent applications, and travel grants, all within 3 years of
beginning the work submitted. If there are no conflicts of interest, authors

should state that none exist ("We declare no competing interests."). Authors should be
referred to by their initials in this section. The statement should match the information
on the supplied ICMJE forms.

* Al software: Was generative Al software used in your research or in the preparation of
your manuscript? If so, we require a statement in the acknowledgement, based on
Elsevier’'s policies: https://www.elsevier.com/about/policies-and-standards/generative-ai-
policies-for-journals. Please add such a statement if relevant.

ICMJE conflict of interest forms have been completed by all authors and the
Declaration of Interests section has been updated accordingly. Generative Al was
not used in the conduct of the study.

1. APPENDIX: Please supply the web appendix as a single PDF file, with the pages
paginated — when you refer to an item in the appendix, please refer to the page number
on which it appears, not the table or section (eg, appendix p 1). Please ensure that all
data presented in the appendix is cited in the manuscript.

It is not Lancet policy to edit or style supplementary material for the web; however, this
material will be hosted on our website as a pdf conversion of the author-supplied file.
Please style your supplementary material as per the guidelines below. Please note that
we will be unable to correct any errors in the online appendix following publication; as
such, please check carefully when submitting. Please do not include a cover page with
details of the paper, as we add a cover page to the appendix file before publication with
this information. Required formatting of data in the appendix:

* Sl units are required, if appropriate

* Numbers in text and tables should always be provided if % is shown.

* Means should be accompanied by SDs, and medians by interquartile range.

* Exact p values should be provided, unless p<0-0001

* For drug names, recommended international nomenclature (rINN) is required

* References should be in Vancouver style (eg, Smith A, Jones, B, Clements S. Clinical
transplantation of tissue-engineered airway. Lancet 2008; 372: 1201-09. Hourigan P.
Ankle injuries. In: Sports medicine. Chan D, ed. London: Elsevier, 2008: 230-47.) They
should be numbered in order of mention in appendix and numbered separately from
references in the full paper

* For figures in the appendix, all images must have a minimum resolution of 300 dpi at a
width of 107 mm.



The appendix has been revised and formatted as a single paginated PDF in
accordance with journal requirements. All appendix material is cited within the
manuscript where appropriate.

We thank the reviewers and editors for their time and thoughtful feedback, which have
helped improve the manuscript. All changes are highlighted in the revised version.
Kind regards,

Dr Mia Holley

On behalf of all authors
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Research in context

Evidence before this study

PubMed was searched from January 1, 2000, to October 1, 2025, using combinations of
terms for levothyroxine (“levothyroxine”, “thyroxine”, “LT4”), weight-based dosing (“dose
per body weight”, “weight-based dose”, “mcg/kg”, “ng/kg”), hypothyroidism, ageing (“older
adults”, “elderly”, “aged”), and outcomes (“cardiovascular”, “fracture”, “osteoporosis”,
“bone”, “mortality”). No language restrictions were applied. No studies were identified that
examined the associations between initial levothyroxine dose per body weight and
cardiovascular, skeletal, or mortality outcomes in adults aged 50 years or older. Existing
evidence has focused primarily on the risks of overtreatment, defined by suppressed thyroid-
stimulating hormone levels, rather than the prescribed dose per body weight. Current
guidance from the United Kingdom National Institute for Health and Care Excellence (NICE)
recommends fixed low starting doses of levothyroxine (25-56-meg0mcg/day) for adults aged
65 years and older, irrespective of body weight. In contrast, younger adults are initiated on
weight-based doses. The Baltimore Longitudinal Study of Ageing reported a mean
requirement of approximately 1-09-megmca/kg/day to maintain euthyroidism in adults aged
65 years and older, suggesting that lower weight-adjusted levothyroxine doses may be
appropriate; however, no large-scale study has directly examined their association with long-
term outcomes.

Added value of this study

Using primary care data from more than 15,000 older adults with hypothyroidism in the
United Kingdom, this study emulated a target trial to assess the causal-effectassociation of
between initial levothyroxine dose per body weight en-and cardiovascular, bone, and
mortality outcomes. After adjustment for baseline confounding, initiating levothyroxine at
doses greater than 1-0-meg0Omcg/kg/day, whether based on total or lean body weight, was
associated with significanthr-higher risks of adverse cardiovascular events, and-skeletal
events and all-cause mortality.

Implications of all the available evidence

This evidence suggests that apphying-standard +-6-meglkgiday-fermulas-dosing may
overestimate levothyroxine requirements in adults over 50 years old-whie-fixed-low-starting
doses-may-under-treat-heavier-or-leaner-olderadults. Weight-adjusted, age-sensitive dosing,
targeting approximately 1-6-meg0mcg/kg/day,; may be associated with fewer adverse
outcomes. eeuld-reduce-adverse-outcomes-These findings support revising clinical guidance
to incorporate weight-based levothyroxine prescribing for people aged 65 years and older.
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Abstract

Background: Levothyroxine (LT4) is widely prescribed in older adults with hypothyroidism,
yet evidence guiding safe initial weight-based dosing is limited. Both under- and over-
replacement may adversely affect cardiovascular health, bone integrity, and survival. Given
the impracticality of conducting a long-term randomised trial in this population, this study

aimed to emulate a target trial to assess associations between initial LT4 dose per body

weight and long-term clinical outcomes in older adults, using routinely collected primary care

data.

Methods: An emulated target trial was conducted using The Health Improvement Network, a

UK primary care database, including data from 2006 to 2021. Eligible participants were

adults aged >50 years diagnosed with hypothyroidism initiating LT4 during this period. The

target trial compared initiation of LT4 at >1-0 versus <1-0mcg/kg/day using total and lean

body weight definitions. Ar-emulated-targettrialwas-conducted-to-examine-associations

between-n 4-dose-per-body-weight-and-long-term-chin outcomes-n-olderae

weight-Inverse probability of treatment weighting adjusted for baseline confounders.
Associations with cardiovascular events, bone outcomes, and all-cause mortality were

estimated using weighted Cox proportional hazards medelsmodels, and 10-year absolute risk

differences were calculated. Participants were followed for up to 10 years from LT4 initiation

until outcome occurrence, death, or study end.

Findings: Among 15,463 patients in-the-finral-cohort(mean age 67 years, 78% female), ( Formatted: Font color: Text 1
11,762 (76%) initiated LT4 at <3:1-8-megOmcg/kg/day and 3,701 (24%) at >1-1-8 [Formatted: Font color: Text 1
meg0meg/kg/day based-on(-total body weight). Unweighted event rates were higher in the [ Formatted: Font color: Text 1

. . [ Formatted: Font color: Text 1
higher-dose group for cardiovascular events (19-7% vs 17-7%), bone outcomes (13:1% vs [Formamd: Font color: Text 1

9:1%), and all-cause mortality (18-5% vs 17-5%). Unweighted-eventrates-showed

Higher LT4 dosing based-en-total-body-weight-were-was associated with increased risk of
cardiovascular events (hazard ratio (HR) 1-18, 95% CI 1-08-1-29), bone outcomes (1-29,

) L
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1-16-1-43), and all-cause mortality (1-17, 1-09-1-25). The weighted 10-year absolute risk
difference between higher and lower dose groups was 1-3% (95% CI 0-3-3-0) for

cardiovascular events, 3-0% (1-6-4-5) for bone outcomes, and 3-4% (1-7-5-1) for all-cause

mortality. Similar associations were observed using lean body weight-based dosing.

outcomes-and-al-cause-mortality: These findings suggest that higher initial weight-based

LT4 dosing may be associated with avoidable long-term harm, supporting cautious initiation

and titration in older adults in primary care. These findings describe associations and should

be interpreted cautiously.

Funding: This study was funded by the National Institute for Health and Care Research
(NIHR) Applied Research Collaboration (ARC) North East and North Cumbria (NENC)
(NIHR200173).

Introduction

Hypothyroidism is a common chronic endocrine disorder characterised by insufficient

thyroid hormone production, particularly thyroxine (T4).! Its prevalence increases with age
and is notably higher in women, affecting up to 21% of those over 74 years old.? This higher
prevalence in older adults likely reflects age-related rises in thyroid-stimulating hormone
(TSH) levels,® a greater susceptibility to autoimmune thyroid disease, and prior treatments

that impair thyroid function, such as thyroid surgery and radioactive iodine therapy.*

Levothyroxine (LT4), a synthetic form of T4, remains the standard treatment and is among
the most widely prescribed medications globally. In the United Kingdom (UK), prescribing
rates are highest in people aged over 80 years, where more than 10% receive LT4.% The
treatment goal is to restore and maintain euthyroidism, typically assessed by TSH

normalisation.”

Older adults, however, are particularly vulnerable to the effects of suboptimal LT4 dosing.
Both under- and over-replacement, indicated by persistently abnormal TSH levels outside the
population reference range, have been associated with adverse cardiovascular and bone
outcomes.®? Standard weight-based dosing (1-6-meg6mcag/kg/day) is derived from studies in
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younger adults and may overestimate LT4 needs in older individuals, who have lower lean
body mass and heightened peripheral sensitivity to thyroid hormones.'® Reflecting this, the
UK’s National Institute for Health and Care Excellence (NICE) recommends weight-based
dosing (1-6-megbmcg/kg/day) in adults under 65 years without cardiovascular disease, but
substantially lower fixed starting doses (20-50-megOmcg/day) with titration in those aged 65
years and older or with cardiovascular disease.-* The American Thyroid Association
similarly advises individualised dosing based on both age and weight.'? In addition, a
cautious approach to treatment in older adults is often advocated, particularly where
biochemical abnormalities are mild.’31* Despite these differences, there remains limited
evidence directly examining the relationship between initial LT4 dose per body weight and

long-term clinical outcomes in ageing populations.

Long-term randomised trials comparing initial LT4 dosing strategies in older adults are

unlikely to be feasible. Observational data structured within a target trial emulation

framework therefore provide an opportunity to address this evidence gap examine-the

ociation-between-initia 4-dosing-strategies-and-long-term-clinical-outcomes-using real-

world clinical practice data. By explicitly defining eligibility criteria, treatment strategies,

follow-up, and outcomes, target trial emulation can strengthen causal inference from

observational data and reduce biases commonly encountered in observational studies.Within

Fo-address-this-gap;Accordingly, a target trial was emulated using UK primary care data to
examine the association between initial LT4 dose per body weight and major clinical

outcomes in adults with primary hypothyroidism. Individuals aged over 50 years were
included, reflecting evidence from the TEARS study demonstrating age-related increases in
TSH in older adults.® Participants were stratified into two age groups: 51-64 years, for whom
standard weight-based dosing (1-6-meg6mcag/kg/day) is generally recommended, and >65
years, for whom NICE advocates lower fixed starting doses (25-50-megOmcg/day).!* The

causal question of interest was whether initiating LT4 at higher versus lower weight-based

doses is associated with differences in long-term cardiovascular and skeletal outcomes, and

mortality in routine clinical practice, with the objective of estimating the comparative

benefits and harms of these dosing strategies in older adults with hypothyroidism.
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Initial LT4 dose was expressed per unit of total body weight (TBW) and estimated lean body
weight (LBW), allowing comparison across two clinically relevant metrics. Outcomes
included (1) cardiovascular events (composite of angina, myocardial infarction, heart failure,
stroke, peripheral vascular disease, atrial fibrillation, and revascularisation), (2) bone
outcomes (composite of fragility fractures and osteoporosis), and (3) all-cause mortality.
Higher versus lower dosing strategies were compared using a threshold of 1.8
meg0mcg/kg/day, informed by data from the Baltimore Longitudinal Study of Aging, which
reported a mean LT4 requirement of 1-09-megmcag/kg/day in adults aged >65 years old.*?

Methods

Data-SeurceStudy design and participants

Data for this study were obtained from The Health Improvement Network (THIN), a UK
primary care database containing anonymised electronic health records from over 850 general
practices using the Vision software system, representing approximately 6% of the UK
population. THIN includes longitudinal information on demographics, diagnoses,
prescriptions, and laboratory test results recorded in routine primary care and is broadly
representative of the UK population in terms of age, sex distribution, major disease
prevalence, and mortality rates.!> Data from January 1, 2006, to December 31, 2021, were
available for analysis. THIN captures data recorded by general practices and does not include
linked secondary care or hospital admission data for this study. The database has been

validated and widely used in epidemiological research examining LT4 therapy, thyroid

function, cardiovascular disease, fractures, and mortality.>16
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This retrospective observational study emulated a target trial to estimate the association
between initial LT4 dose and long-term cardiovascular, skeletal, and mortality outcomes in
adults with primary-hypothyroidism. The design followed the target trial framework proposed
by Hernan and Robins,'” which uses observational data to reproduce key features of a
hypothetical randomised controlled trial, including explicit specification of eligibility criteria,
treatment strategies, assignment procedures, and follow-up. This study follows both the
Strengthening the Reporting of Observational Studies in Epidemiology guidelines for
Observational Studies Reporting Propensity Score Analysis and the Transparent Reporting of
Observational Studies Emulating a Target Trial checklists (Fable-Stand-S2Appendix pages
1-7).181% The primary causal contrast of interest was-the-intention-to-treat-effect;-comparing
nitiation-of LT4-at-doses>1-0-versus<1-0-megtkgldaycompared participants according to

the initial prescribed L T4 dose at treatment initiation. Participants were classified according

to their initial prescribed dose at treatment initiationa-{thme-zere), irrespective of subsequent
dose modifications. An overview of the target trial specification and its emulation is

presented in Table 1.

licibility Criteri

« [ Formatted: Normal

Patients aged over 50 years with at least one recorded TSH measurement exceeding 4-0
mU/L between January 1, 2006, and January 1, 2022, were extracted from THIN. Eligibility

was assessed at the time of LT4 initiation (time zero).

lusi —

Participants were eligible if they met all of the following: . [Formaned: Line spacing: 1.5 lines

e Aged over 50 years at the time of LT4 initiation.

e Recorded diagnosis of primary hypothyroidism.

e Initiated LT4 therapy between January 1, 2006 and December 31, 2021.

e At least one serum TSH measurement recorded within three months before or after
LT4 initiation.

e At least one body weight measurement within three months before or after LT4

initiation.
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e At least one height measurement (lean body mass analyses only). [Formatted: Font: Italic

o At least six months of follow-up data available after LT4 initiation. Six months of
follow-up data refers to the availability of routine primary care records for at least six

months after LT4 initiation, ensuring sufficient observation time for outcome events.

Exclusion Criteria ( Formatted: Font: Not ltalic

s

Participants were excluded if they met any of the following:

o History of thyroid cancer, hyperthyroidism, or pituitary disease.

e Previous thyroid surgery or radioiodine therapy.

e Use of antithyroid drugs, liothyronine, or medications known to substantially affect
thyroid function (including lithium and amiodarone) during the study period.

e Pre-existing cardiovascular or bone disease relevant to the outcome under assessment.

Each of the three outcomes (cardiovascular disease, bone health, and all-cause mortality)

were analysed separately, using bespoke patient cohorts.

Diagnostic, prescription, and procedure codes used to define inclusion and exclusion criteria
were derived from the International Classification of Diseases, Tenth Revision (ICD-10),

dictionary of medicines and devices (dm+d), and Office of Population Censuses and Surveys

Classification of Interventions and Procedures, 4th revision (OPCS-4) (Appendix page [Formatted: Font: Not Bold

8Table-S3).

Data cleaning included removal of duplicate records, verification of measurement units,

checks for chronological consistency, and assessment of plausibility for key variables. TSH

<0-1 or >20mU/L and body weight <35 or >200kg were excluded as extreme values. Records

with missing baseline information or with inconsistent follow-up data were excluded.

Formal sample size calculations were not performed, as the study aimed to include the full
eligible population defined by the target trial protocol to provide precise observational

estimates rather than to test a single prespecified hypothesis.’

This study received ethical approval from the University of Sunderland Research Ethics
Group (Reference: 011081). Scientific approval for the use of data from THIN was granted

by the THIN Scientific Review Committee (Protocol Number 22-003). Individual patient
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consent was waived because anonymised routinely collected electronic health record data

were used.

The study protocol was prospectively developed and is available at -

https://sure.sunderland.ac.uk/id/eprint/19274/. No protocol amendments affecting eligibility

criteria, treatment assignment, follow-up procedures, or study conduct occurred during the
study period.

Freatment-StrategyProcedures

THIN data are collected prospectively during routine primary care consultations by -

participating UK general practitioners and affiliated healthcare professionals using the Vision

electronic health record system. Demographic data, diagnoses, prescriptions, laboratory test

results, and consultation records entered during routine clinical care were available for

analysis. Data on race and ethnicity were not consistently available within THIN and

therefore could not be analysed.

«—

Baseline demographic variables, including age and sex assigned at birth, were obtained from «—

routinely recorded primary care electronic health records within THIN. Clinical covariates,

including hypertension, Charlson Comorbidity Index, smoking status, medication use, serum

TSH measurements, and body weight, were identified using diagnostic records, prescribing

data, and laboratory test entries recorded during routine clinical care. Prescription data were

recorded by general practitioners at the point of prescribing, and laboratory results were

electronically transferred into the medical record from affiliated laboratories (Appendix

pages 9-10). Cardiovascular, bone, and mortality outcomes were identified using ICD-10 and
OPCS-4 codes recorded in THIN (Appendix page 11).

To evaluate the impact of initial LT4 dose according to body composition, exposure was
defined using two weight-based approaches based on the initial prescribed dose at LT4
initiation:

1.e Total Body Weight (TBW) dose (mcg/day/kg): initial LT4 dose (mcg/day) divided by <

TBW (kg).
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2.e Lean Body Weight (LBW) dose (mcg/day/kg): initial LT4 dose (mcg/day) divided by
estimated LBW (kg).

LBW was calculated using the Boer formula,?® which incorporates sex assigned at birth,
height, and weight:

e Males: LBW (kg) = (0-407 x weight (kg)) + (0-267 x height (cm)) — 19-2 e

o Females: LBW (kg) = (0-252 x weight (kg)) + (0-473 x height (cm)) — 48-3

For each dosing metric, participants were categorised into two groups: -
1. Higher Dose Group: >1-6-meg0mcg/kg/day -

2. Lower Dose Group: <1-8-meg0mca/kg/day

These classifications were applied separately for TBW and LBW, with analyses conducted <

independently for each approach. Rarticipants-were-included-in-onby-one-dosing-definition-per
eRe s

TSH and body weight were defined as the closest measurements recorded within three

months before or after LT4 initiation. This window was selected to maximise data

completeness and reflects routine UK practice.’* When multiple measurements were

available, the value closest to LT4 initiation was used. TSH was used as the primary

biochemical marker as it is the most consistently recorded thyroid function test in routine UK

clinical practice and is the primary parameter used to quide LT4 dose titration. Free T4

measurements were inconsistently available and therefore not suitable for inclusion in all

analyses. Reported free T4 values are based on complete-case data only.

Potential confounders, defined as variables plausibly associated with both LT4 dose and

study outcomes, were identified a priori using a directed acyclic graph specified in the study

protocol and informed by clinical reasoning and prior evidence. The final adjustment set

comprised baseline age, sex assigned at birth, Charlson Comorbidity Index, hypertension,

serum TSH, smoking status, and use of proton-pump inhibitors, oestrogen, and

testosterone.?:22

Felew-up

Participants were followed from the date of LT4 initiation {timezere)-until the earliest of:

10
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1. Occurrence of the relevant outcome event (cardiovascular, bone, or mortality), -

2. Death (for non-mortality outcomes), or
3—End of the study period;-er

Follow-up continued for up to ten years after LT4 initiation, with eligible participants -

contributing follow-up time between January 1, 2006, and December 31, 2021.

Several measures were undertaken to reduce potential sources of bias. Eligibility criteria,

treatment strategies, and follow-up definitions were specified in advance according to a target

trial framework to minimise selection and immortal time biases. Time zero was consistently

defined as the date of LT4 initiation. Extreme biologically implausible values for TSH and

body weight were excluded.

Outcomes

Primary Outcomes:

1. Cardiovascular: First occurrence of a composite outcome including angina, myocardial
infarction, stroke, peripheral vascular disease, heart failure, atrial fibrillation, or any
revascularisation procedures {e-g--stenting-orbypass-grafting)-recorded during follow-up.

2. Bone: First recorded diagnosis of osteoporosis or a fragility fracture during follow-up.

3. All-cause mortality: Death recorded during follow-up. Data on cause-specific mortality

were unavailable.
Secondary Outcomes:

1. Healthcare utilisation: Total number of primary care encounters (including face-to-face,
telephone, or online consultations) per patient during follow-up.
2. Thyroid function control: Proportion of participants whose latest thyroid function test

during follow-up showed an abnormal TSH level (<0-4 or >4-0-mU/L).

Causal-ContrastStatistical analysis

11
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The primary causal contrast of interest was the-intention-to-treat-effect-comparing higher <«

versus lower LT4 dose groups based on dose at treatment initiation. Because treatment

allocation was not randomised and longitudinal adherence data were incomplete, analyses

estimated the observational analogue of the effect of treatment initiation according to

baseline prescribed dose group.A-pe

Baseline characteristics of participants in the higher- and lower-dose LT4 groups were -

summarised using descriptive statistics. Continuous variables are reported as mean (standard
deviation) or median (interquartile range_(IQR)), and categorical variables as counts and
percentages. Covariate balance before and after weighting was assessed using standardised

mean differences (SMDs). Baseline data were complete for included participants; therefore,

no multiple imputation procedures were required.Baseline-covariates-included-demographic
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To emulate randomisation and adjust for measured confounding, inverse probability of

treatment weighting (IPTW) was applied to reduce confounding by indication and other
baseline imbalances based on measured covariates. Propensity scores estimating the

probability of receiving a higher LT4 dose were derived from logistic regression models-.

includingthe-covariatesHsted-above-Unstabilised weights were calculated as the inverse of

the propensity score for participants in the higher-dose group and the inverse of one minus
the propensity score for those in the lower-dose group, with extreme weights truncated at the
1st and 99th percentiles. Propensity score distributions were examined to assess overlap

between treatment groups, ensuring adequate positivity (Appendix page 12). This created a

weighted pseudo-population with balanced baseline covariates between treatment groups. E-

values were calculated to assess the robustness of observed associations to potential

unmeasured confounding.

Weighted Cox proportional hazards models estimated hazard ratios (HRs) and 95%
confidence intervals (Cls) for each outcome. Time zero was defined as the date of LT4
initiation, and participants were followed until outcome occurrence, death, censoring, or
study end. Proportional hazards assumptions were assessed using Schoenfeld residuals.
Weighted Kaplan—Meier curves were used to illustrate cumulative incidence by LT4 dose

group.?® Absolute risk differences were estimated at 10 years.

To assess potential non-linear dose—response relationships, IPTW-adjusted Cox models
incorporating natural cubic splines with three degrees of freedom were fitted. Healthcare
utilisation was analysed using IPTW-weighted negative binomial regression, reporting
incidence rate ratios (IRRs) with 95% Cls.

Four sensitivity analyses were conducted. First, statin use was additionally included in the

inverse probability of treatment weighting model. Second, the calendar year was incorporated

into the outcome model. Third, analyses were restricted to participants with TSH

measurements recorded prior to LT4 initiation. Fourth, time zero was redefined as the

initiation of the second L T4 prescription among participants receiving a repeat

13
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K12  Atotal of 15;463-9,027 adults a JOArS W any-hy J
M13  initiated-LT4-therapys-were included-eligible in-for the-primary-cardiovascutar-analysis

“14  (Figure 1). Of those 19,027 patients, 15,463 patients were included in the primary

h15  cardiovascular analysis. Based on TBW, 11,762 participants (76%) initiated LT4 at a dose of
#16  <1-0-megOmca/kg/day and 3,701 (24%) at a dose of >1-8-meg0mca/kg/day. After applying

17  IPTW-to-adjust-forbaseline-confounders, the pseudo-population was-weighted-to-represented
418 15,430 (51%) and 14,899 (49%) participants in the low and high dose groups, respectively.

14
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Participants were-foHowed-forup-to-10-yearsfrom-LT4-initiation—withhad a median follow-
up of 16:0-0 years (interquartiterangel QR 8:-:6-10-:0),—ending).-at-the-occurrence-of the

Figure 1 Flow diagram illustrating cohort selection, inclusion and exclusion criteria,

and allocation to levethyrexine-deseoutcome groups-fer-the-cohertincluded-in-the

FBW-caleulations—-After weighting, all covariates were well balanced between dose groups,
with standardised mean differences <0-1 (Fable-S7Appendix page 13). The weighted mean
age was 67 years in both treatment groups, with similar distributions of sex assigned at birth
(22% versus 21% male), smoking status (43% in both), comorbidity burden, and concomitant
medication use_(Table 2). Baseline-covariate-data-used-forpropensity-score-estimation-were

Median baseline-TSH was lower in the high dose group (5-7mU/L [2-6-10-2]-pHdmk)
compared with the low-dose group (6-8mU/L [5-2-9-8]4U#mk), and this difference
persisted at the end of follow-up (2-3mU/L [1-2-4-6] versus 2-8mU/L [1-6—4-2]-pHml).
Weighted mean free T4 concentrations were higher in the high-dose group both at baseline
(15-2 versus 13-1-pmol/L) and at the end of follow-up (17-3 versus 15-7-pmol/L).

Cardiovascular-Outcomes

In analyses based on TBW, initiating LT4 at a higher dose was associated with a statistically
significant increased risk of cardiovascular events compared with lower dose therapy (aHR
1-18, 95% CkCI 1-08-1-29) (Figure 2A). Consistent with these adjusted estimates,

unweighted event rates were higher in the high-dose group (19-7% vs 17-7%). Similar
findings were observed when dosing was defined by LBW (aHR 1-15, 95% €kCl 1-06-1-24)

[ Formatted: Font color: Text 1

(Figure 2A). Censistent-with-these-adjusted-estimates—unadjusted-eventrates-were-higherin
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Subgroup analyses generally demonstrated consistent trends, although not all estimates
reached statistical significance. The association was particularly evident among adults aged
>65 years for both TBW (aHR 1-18, 95% €CI 1-08-1-29) and LBW (aHR 1-15, 95% &:Cl

1-06-1-24) based dosing.— E-values for the cardiovascular outcomes ranged from 1-34 to

2-13, indicating that a moderately strong unmeasured confounder would be required to fully

explain the observed associations (Appendix page 14). In sensitivity analyses, the association

with cardiovascular events was attenuated and no longer statistically significant in the lag-

adjusted analysis (Appendix pages 15-28).Sensitivity-analyses-produced-comparableresults

Figure 2 Adjusted hazard ratios-(aHR) with 95% confidence intervals (Cl) and p-values
for Cardiovascular, Bone, and All-Cause Mortality Events by Levothyroxine Dose per
Total Body Weight and Lean Body Weight. (A) Cardiovascular events, (B) Bone

outcomes, (C) All-cause mortality.

Kaplan—Meier curves demonstrated a higher cumulative incidence of cardiovascular events
among participants initiated on higher LT4 doses (>1-0-meg0mcg/kg/day, TBW) compared
with lower doses (<1-8-meg0mcg/kg/day, TBW) (Figure 3A). Similar patterns were observed
when dosing was defined using LBW {Figure-S5)and split by sex assigned at birth (Appendix
pages 29-30). The abseluteriskweighted 10-year absolute risk difference between higher and
lower LT4 dose groups was 3-81:3% (95% CI -0-3-3-0) for the total body weight—based
exposure definition and 0-72-8% _(95% CI -0-7-2-0) for the lean body weight—based
definition. Spline analyses indicate increasing cardiovascular risk with TBW-based LT4

dosing, whereas for LBW-based dosing, risk appeared to increase modestly at doses between
approximately 4.1-3-3-0-mcg/kg/day (Figure-S6-and-Figure-S7Appendix pages 31-32).

Figure 3 Kaplan-Meier Survival Curve for Cardiovascular Events, Bone Outcomes and

All-Cause Mortality According to by-Levothyroxine Dose; Based on Total Body Weight.

(A) Cardiovascular events, (B) Bone outcomes, (C) All-cause mortality.

16
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The red line represents the higher-dose group (>1-8-meg0mca/kg/day), and the black line
represents the lower-dose group (<1-0-meg0mcag/kg/day). Shaded areas represent 95%
confidence intervals. Numbers-at-risk-are-shown-below:

Bone outcomesBene-Outeomes

Higher initial doses of LT4 (>1-6-meg0mca/kg/day) were associated with a statistically
significant increased risk of bone outcomes compared with lower doses (<1-6
megOmca/kg/day). For TBW-based dosing, the aHR was 1-29 (95% €+ClI 1-16-1-43), and
for LBW-based dosing, the aHR was 1-16 (95% SkCI 1-06-1-28)_(Figure 2B). Similarly,

unweighted event rates were higher in the higher-dose group (13-1% vs 9-1%).unadjasted

group;consistent-with-the-adjusted-findings: Subgroup analyses showed broadly consistent

trends across age, sex assigned at birth, and baseline-TSH categories, although confidence
intervals overlapped ene-another-and not all estimates reached statistical significance. E-

values ranged from 1-49 to 2-79, indicating that a moderately strong unmeasured confounder

would be required to fully explain the observed associations (Appendix page 14). Sensitivity
analyses produced comparable results (Appendix pages 15-28). Sensitivity-analyses-yielded

Kaplan—Meier curves demonstrated a higher cumulative incidence of bone events among

participants initiated on higher LT4 doses (>1-0-mcg/kg/day, TBW) compared with lower
doses (<1-0-mcg/kg/day, TBW), although the confidence intervals partly overlapped (Figure
3B4). Comparable trends were observed for LBW-based dosing and when split by sex
assigned at birth (Figure-S8Appendix pages 33-34). The abselute-riskweighted 10-year
absolute risk difference was 32-:0475% (95% CI 1-58-4-49) for total body weight-based
dosing and 1::74%_(95% CI 0-51-2-78) for lean body weight-based dosing. Spline analyses

suggested increasing bone risk above approximately 1-6-meg6mcag/kg/day for TBW-based

dosing and above 2-8-meg0mcg/kg/day for LBW-based dosing (Figure-S9-and-Figure
S16Appendix pages 35-36).
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All-Cause-Mertaliy

Higher initial LT4 doses were associated with a statistically significant increased risk of all-
cause mortality compared with lower doses. Using TBW-based dosing, the aHR was 1-17
(95% SkCl 1-09-1-25), with a similar association observed using LBW-based dosing (aHR
1-12, 95% SkCl 1-05-1-19). Unadjusted event rates shewed-higheral-cause-mertality-in-the

6)—-were consistent (Figure

2C). Subgroup analyses demonstrated broadly consistent patterns across age, sex assigned at
birth, and baseline-TSH categories, although statistical significance varied between strata. E-
values for mortality outcomes ranged from 1-28 to 2-21(Appendix pages 14). Sensitivity
analyses produced comparable results (Figures-SE-SAppendix pages 15-284). E-vatuesfor

Kaplan—Meier curves indicated a modestly higher cumulative incidence of all-cause mortality
among participants initiated on higher LT4 doses (>1-8-meg0mca/kg/day, TBW) compared
with lower doses (<1-8-meg0mcg/kg/day, TBW), with overlapping confidence intervals
(Figure 3C5). Similar trends were observed for LBW-based dosing and when split by sex
assigned at birth (Figure-SEEAppendix pages 37-38). The abselute-riskweighted 10-year
absolute risk difference was 3-43% (95% CI 1-74-5-13) 3:67%-for total body weight-based
dosing and 22:-2174% (95% CI 0-76-3-47) for lean body weight-based dosing. Spline
analysis demonstrated a gradual increase in mortality risk with TBW-based LT4 dosing
above approximately 1-0 mcg/kg/day (Figure-S12Appendix page 39). For LBW-based
dosing, the relationship was less clear, with risk appearing to increase modestly at doses
between approximately 4:1-3-3:0 mcg/kg/day (Appendix page 40). {Figure-S13)-
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Secondary outcomesSecendary-Outcomes

Older adults with hypothyroidism who were initiated on higher LT4 doses had greater
healthcare utilisation compared with those started on lower doses. The higher dose group had
a statistically significantly higher number of GR-visits compared with the lower dose group
(incidence rate ratio HRR-1-09, 95% CI 1-06-1-13). Median GP-visits were 246 (IQR 152—
378) in the lower dose group and 272 (IQR 164-422) in the higher dose group.

At study end, abnormal TSH levels (<0-4 or >4-0 mU/LpHJ/mk) were recorded in 27%
(4,166/15,430) of participants in the low-dose group and 30% (4,470/14,899) of the high-
dose group. Within the low-dose group, 22% (917/4,166) had low, and 78%

(3,249/4,166) had elevated TSH values, compared with 43% (1,935/4,470) and 57%
(2,535/4,470), respectively, in the high-dose group. While the overall prevalence of abnormal
TSH did not differ between groups, the distribution of low versus high TSH values differed
between dosing groups, with low TSH observed more frequently among participants initiated

on higher LT4 doses.

Discussion

In this emulated target trial of adults aged over 50 years with primary hypothyroidism,
initiation of LT4 at doses greater than 1-0-megOmca/kg/day, whether based on TBW or
LBW, was associated with higher risks of cardiovascular events, bone outcomes, and all-
cause mortality. Notably, stratified analyses suggested that the potential harm of higher initial
LT4 doses was more pronounced in adults 65 years and over, whereas outcomes in the 50-64
years age group were largely non-significant, highlighting age-related differences in
sensitivity to LT4 dosing. Participants initiated on higher LT4 doses also had a greater
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number of primary care consultations, suggesting an association between higher initial dosing
and increased healthcare utilisation. Together, these findings indicate that higher initial
weight-based LT4 dosing in older adults is associated with less favourable long-term

outcomes.

For LBW-based dosing, binary analyses comparing doses above versus below

1-0 meg/kg/day suggested higher risks of cardiovascular events and mortality. In contrast,
spline analyses treating LBW as a continuous variable showed hazard ratios mostly near 1,
with only a modest increase in risk at doses between approximately 1-3-3:0-mcg/kg/day.
This pattern may reflect a threshold effect around 1-0-mcg/kg/day, which the binary analysis
captures, or the limited number of participants at very low or very high LBW doses, which
can flatten the spline curve. TBW-based dosing consistently showed increasing risk across

the relevant dose range in both binary and spline analyses.

These findings are consistent with previous observational studies linking LT4 overtreatment
to increased cardiovascular morbidity and mortality in older adults.® For example, prior
research has reported higher rates of atrial fibrillation among individuals receiving LT4 doses
exceeding 75-megmcg/day.?® Similarly, the increased risk of osteoporosis and fractures
observed in this study aligns with earlier findings of adverse skeletal outcomes among older
adults treated with higher LT4 doses.?5-2 Previous literature also suggests that multiple LT4
dose adjustments may be associated with increased healthcare utilisation, including more

frequent monitoring, medication adjustments, and management of complications.?®

Together, this literature supports that LT4 requirements derived from studies in younger
adults, typically approximately at 1-6-meg6mcg/kg/day, may not be appropriate for older
populations, who have lower lean body mass and increased hormone sensitivity. However,
the present study examines_the initial prescribed dose rather than achieved biochemical
eentrol-andcontrol and therefore complements rather than replaces evidence based on TSH-

defined overtreatment.
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Target trial emulation seeks to approximate the causal question that would be addressed in a

hypothetical ai
run-to-answer-a-given-guestion. This is achieved by strictly pre-defining eligibility, treatment,
and follow-up so that it matches as closely as possible to a hypethetical{target} RCT, which
minimises the biases usually found in observational studies. To emulate random assignment

to treatment arms, we used inverse-probability-of treatment-weighting PTW.

This study’s strengths include its use of a large population-based UK primary care cohort
with long-term follow-up and the application of a target trial emulation framework to reduce
bias through clearly defined eligibility, treatment strategies, and follow-up.?” To emulate a
randomised trial and improve comparability between treatment groups, inverse-prebability-of
treatment-weightingl PTW was applied. This method adjusts the contribution of each
participant so that baseline characteristics are balanced across groups, effectively creating a
‘pseudo-population” whose size reflects the re-weighted contributions of participants. In
addition, the evaluation of dosing based on both TBW and LBW provides a novel insight into

practical alternatives for safer LT4 prescribing in older adults.

Several limitations should be considered. As with all observational analyses, residual
confounding cannot be excluded, particularly confounding by indication, whereby patients
prescribed higher initial doses may differ systematically in ways not fully captured by
measured covariates. Although inverse-probability-of treatment-weightingl PTW was used to
balance observed baseline characteristics, unmeasured factors such as disease severity,
frailty, malabsorption, adherence, or clinician prescribing preferences may have influenced

both dose selection and outcomes. Race and ethnicity data were not available within THIN,

and, therefore, could not be accounted for in the analyses, despite their potential association

with healthcare access, treatment patterns, and health outcomes. In addition, the study

population was highly selected, comprising approximately 5% of patients identified in the

database who met eligibility criteria; this reflects the application of strict inclusion and

exclusion criteria required for the emulated target trial design, but may limit generalisability

to all LT4 users in routine clinical practice.

Longitudinal data on dose adjustments, adherence, and serial TSH measurements were

incomplete, precluding per-protocol analyses. Analysis therefore focused on initial LT4 dose
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as a proxy for intended treatment strategy, analegeus-to-an-intention-to-treat-approachbased

on exposure at treatment initiation, recognising that subsequent titration commonly occurs in

clinical practice. For cardiovascular outcomes, the association observed in the primary

analysis was attenuated and no longer statistically significant when time zero was redefined

at the second LT4 prescription. This finding suggests that part of the observed cardiovascular

association could reflect early treatment changes, treatment persistence, or residual

confounding. In contrast, associations with bone outcomes and all-cause mortality remained

broadly consistent across sensitivity analysesRedefiningtimezero-at-the-second-LT4

Estimated lean body weight may be inaccurate in frail older adults, potentially causing

misclassification.®® Excluding patients without recorded weights could introduce selection
bias, since weights are more often measured in those with multiple comorbidities or in
individuals who are underweight or overweight. Categorising doses using a +-1-0 mcg/kg/day
threshold may group widely different doses together while separating similar doses across the
cut-off, potentially obscuring dose—response relationships. Sensitivity analyses using natural
cubic splines to model dose continuously produced similar associations, supporting the

robustness of the findings.

Some baseline measurements, including TSH, may have been recorded shortly after LT4
initiation, which could influence the observed associations. Baseline-TSH and body weight
were defined as the closest measurements within three months before or after treatment,
reflecting real-world UK primary care practice where some values may be entered
electronically post-initiation. Consequently, the lower TSH and higher free-thyrexinefree T4
observed in the high-dose group may partly reflect early treatment effects rather than true
pre-treatment thyroid function. Free-thyrexine-Free T4 and free triiodothyronine were
measured inconsistently and therefore not included in weighting. However, in sensitivity
analyses restricted to participants with TSH measurements recorded prior to LT4 initiation,
effect estimates were materially unchanged, suggesting that inclusion of post-initiation

measurements did not substantially bias the findings.

22



675
676
677
678
679
680
681
’682
683
684
685
686

87

88
689
690
691
692

Diagnosis was based on a coded record of primary hypothyroidism, and thyroid-stimulating

hormone (TSH) was included as a baseline variable without systematic free T4 or free

trilodothyronine measurements, as these were not routinely recorded. This approach captures

both overt and subclinical disease. Biagresis-was-based-on-a-coded-record-of primary

introdueing-seme-heterogeneity—Nevertheless, initial fevethyroxine-LT4 dosing is generally
recommended uniformly for elevated TSH, which aligns with the study’s focus on initial
dosing strategies. Patients with post-surgical or post-ablative hypothyroidism were excluded
to maintain a clinically homogeneous cohort, as these individuals typically require immediate

full replacement dosing and follow different treatment pathways.

THIN captures only UK primary care data and does not reliably include information on
ethnicity, family history, consultation type, or secondary care. The cCause of death was not
available, precluding assessment of cause-specific mortality and limiting interpretation of
mortality findings. Death represents a competing risk for cardiovascular and bone outcomes,
and this limitation should be considered when interpreting the results. Healthcare utilisation
was included as a secondary outcome and could also act as a mediator, potentially
influencing dose titration and earlier detection of complications. The analyses conduced
involved multiple outcomes, exposure definitions, and subgroup comparisons, and certain
estimates, particularly in subgroups, may reflect chance rather than true associations.
Residual confounding from unmeasured factors, as well as from variation between practices
and care pathways, cannot be excluded. Prescribing practices for levothyroxine-LT4 may
have changed over the study period (2006-2021), and evolving clinical guidance and
clinician behaviour could have introduced residual confounding. Diagnostic coding
inaccuracies and the restriction to primary care may limit generalisability to other settings or

healthcare systems.

lications for Practi

These findings highlight potential risks associated with higher initial LT4 dosing in adults
over 50 years, particularly in those aged 65 years and over, and underscore the need for
careful dose selection and monitoring in this population. The results describe associations
observed in routine clinical practice and should not be interpreted as prescriptive dosing
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recommendations. Clinical decisions should continue to balance symptom control,
biochemical targets, comorbidities, and patient preferences.

While weight-based LT4 dosing may provide a more tailored approach, its implementation in
routine primary care requires consideration of feasibility. Accurate weight measurement is
essential, and calculation tools could be integrated into electronic prescribing systems or
clinical decision support prompts to help facilitate safe and practical dosing in everyday

practice.

Future research should aim to evaluate alternative LT4 initiation strategies in older adults,
ideally through pragmatic randomised trials or prospective cohort studies incorporating
adherence monitoring, serial thyroid function testing, cardiovascular and skeletal endpoints,
and patient-reported outcomes. Further work is also needed to clarify optimal TSH targets
and the influence of frailty, multimorbidity, and polypharmacy on LT4 requirements in

ageing populations.
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