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Abstract

Background

Diagnosis of thyroid dysfunctions heavily relies on the biochemical tests for
thyroid-stimulating hormone (TSH) and free thyroxine (FT4). Conventional
laboratory-specific reference intervals (RIs) for TSH and FT4 are uniform
across adults and ignore age-, sex-, and time-related variations, which may
lead to misdiagnosis of thyroid dysfunction. This study aimed to establish the
age- and sex-specific RlIs for TSH and FT4, and to evaluate their implications
on the incidence and secular trends of thyroid dysfunctions.

Methods

Using a population-based electronic health record database in Hong Kong,
we identified individuals without thyroid-related disorders who had valid TSH
(N=2,111,661) and +T4 (N=825,522) measurements from 2006 to 2019.
After harmonizing data across multiple institutions, we derived age- and sex-
specific lower and upper reference limits (LRLs and URLs) for TSH and FT4
using the 2.5th and 97.5th percentiles of the biomarker distribution in seven
age groups for both females and males. In comparison with the laboratory-
specific RIs, we reclassified the thyroid status of the cohort individuals. We
also compared the standardized incidence rate and secular trends in thyroid
dysfunctions defined by the age- and sex-specific RIs and the conventional

RIs.



Results

TSH and FT4 distributions varied by age, sex, and calendar year. Age- and
sex-specific RIs for TSH and FT4 were significantly wider among elderly
individuals (=70 years) compared to the youngest adults (18-29 years).
Among those with both TSH and FT4 measurements, 30.78% were classified
as having thyroid dysfunctions using laboratory-specific Rls, whereas
applying age- and sex-specific RIs reduced this proportion to 18.57%. The use
of age- and sex-specific RIs was associated with lower observed incidence
rates and revealed estimates of incidence and secular trends that are likely
closer to the underlying disease burden.

Conclusions

Age- and sex-specific RIs could mitigate misdiagnosis of thyroid dysfunctions,
thereby improving diagnostic accuracy and enabling more precise monitoring
of secular trends. The secular trends and joinpoints identified for the age-
and sex-specific URLs and LRLs of TSH and FT4 from 2006 to 2019 indicate
that regular RI review is needed to ensure their continued clinical relevance.
Future validation in geographically and ethnically diverse populations is
warranted.

Keywords: Electronic health records; age- and sex-specific reference

intervals; thyroid-stimulating hormone; free thyroxine.
Background

Thyroid hormones play a fundamental role in development and metabolic

homeostasis throughout the lifespan. Yet, most thyroid dysfunctions manifest



through non-specific symptoms, such as fatigue and unintentional weight
fluctuation [1, 2]. Its diagnosis thus relies heavily on biochemical markers,
particularly thyroid-stimulating hormone (TSH) and free thyroxine (FT4),
which vary across age [3-11], sex [3-7, 9], ethnicity [3, 6, 11], and
geographical regions [4, 9]. Studies reported inconsistent findings: while
some showed age-related increase in TSH [3-6, 10], others noted reduction
in older populations [7, 8], with similarly conflicting results for FT4 [5, 9, 10].
Sex differences in TSH levels are also controversial [3-7, 12]. However,
conventional laboratory-specific reference intervals (RIs) of TSH and FT4 are
uniform for all and disregard these variations, possibly leading to
misdiagnosis. Inappropriately narrow and broad RIs could result in
overdiagnosis and underdiagnosis of true thyroid dysfunctions, respectively.
Both scenarios give rise to subcptimal treatment. Establishing age- and sex-
specific RIs for TSH and FT4 is therefore essential for enhancing the
management of thyroid dysfunctions in various populations.

In establishing RIs for biochemical markers, direct methods involve sampling
of preselected populations, but such approach is often limited by small
sample size and selection bias [13]. With electronic health record (EHR)
databases, routine laboratory test records are readily available for analysis,
facilitating the use of indirect approach to derive Rls [13]. This is particularly
relevant to thyroid function tests, as RlIs for TSH established indirectly using
such databases did not differ significantly from those derived from rigorously

screened individuals without pre-existing thyroid diseases [14].



Despite international efforts to establish age- and sex-specific RIs for TSH
and FT4 [5, 11, 15, 16], previous studies have not systematically explored the
secular trends in these RIs, nor evaluated their impact on the incidence of
thyroid dysfunctions. To address these research gaps, we utilized harmonized
data from a representative EHR database in Hong Kong to establish age- and
sex-specific RIs for TSH and FT4 from 2006 to 2019. We also evaluated the
clinical implications of the age- and sex-specific Rls on reclassification and

secular trends in incidence of thyroid dysfunctions (Workflow in Fig. 1).
Methods

Data source

Anonymized medical records were retrieved from the Clinical Data Analysis
and Reporting System (CDARS) [17], a population-based EHR database
established since 1993 by the Hong Kong Hospital Authority (HA). The HA is
the sole public healthcare service provider in Hong Kong through 43 public
hospitals and institutions, and 123 outpatient clinics. Thus, the demographics,
laboratory tests, diagnoses, procedures, and drug prescription records of all
public healthcare service users were captured by CDARS.

Cohort identification for establishment of age- and sex-specific RIs

The cohort identification process is illustrated in Fig. 2. From 1 January 2006
to 31 December 2019, a total of 2,466,036 and 1,162,569 public healthcare
service users had TSH and FT4 laboratory test measurements, respectively,
at 42 HA-managed hospitals or clinics with on-site thyroid function testing

facilities (number of thyroid function tests performed in each institution listed



in Additional file 1: Table S1). The cohort for establishing age- and sex-
specific RIs was derived by excluding (i) laboratory test records measured
during pregnancy or measured in individuals aged <18; (ii) individuals with
pre-existing thyroid-related disorders, thyroid cancer, and/or disorders of the
pituitary-hypothalamic axis (International Classification of Diseases, 9tb
Revision, Clinical Modification diagnosis codes in Additional file 1: Table
S2); (iii) individuals who had been prescribed medications for disorders of
the pituitary, hypothalamus, and/or thyroid gland (British National Formulary
codes in Additional file 1: Table S2); and (iv) individuals who underwent
thyroid-related procedures (including radioactive iodine therapy and
thyroidectomy).

Harmonization of laboratory test records

The annual distribution of laboratory-specific lower and upper reference
limits applied across instifutions managed by HA for TSH and FT4 are
presented in Additiciial file 2: Fig. S1 and Fig. S2, respectively. Given that
interlaboratory variability among assays of thyroid function tests exists [18],
we harmonized the TSH and FT4 laboratory test records using the
methodology by Chuang-Stein (Additional file 2: Supplementary Methods)
[19, 20] to enable combination of laboratory data from different institutions
under HA with different laboratory-specific Rls. After harmonization, the
most frequently adopted Rls in CDARS (0.27-4.2 mIU/L for TSH and 12-22
pmol/L for FT4) were applied uniformly to all laboratory tests measured in

different institutions. These standardized RIs were known as the harmonized



RIs in this study. Thyroid status defined using harmonized test records and
harmonized RIs was equivalent to those determined by raw values and
laboratory-specific Rls. Relationship of age with harmonized TSH and FT4
was analyzed via sex-stratified generalized additive models.

Establishment of age- and sex-specific Rls

Due to the right-skewed distribution, harmonized TSH levels were log-
transformed to approximate normality prior to establishment of RIs [21]. As
the harmonization process may drive the TSH values towards 0 or negative
numbers, addition of a small constant offset was required before log-
transformation. In each calendar year, all TSH and FT4 measurements were
stratified by age (18-29, 30-39, 40-49, 50-59, 60-69, 70-84, and =85 years)
and sex. For individuals with multiple measurements in the same calendar
year, only the first measurement was considered. The 2.5t and 97.5th
percentiles of harmonized biomarker distributions were defined as the lower
reference limits (I.LR1.s) and upper reference limits (URLSs), respectively [22].
The log-transformed LRLs and URLs of TSH were eventually back-
transformed by exponentiation and subtraction of the offset to their original
units (mIU/L)_for clinical interpretability. For each age group, comparisons
between sex were conducted using Wilcoxon rank-sum test for the skewed
TSH values and Student’s t-test for normally distributed FT4 levels. The
trends in the medians, LRLs and URLs of TSH and FT4 were evaluated by
joinpoint regression (Joinpoint Regression Program, version 5.4.0, Statistical

Research and Applications Branch, National Cancer Institute), which



estimated the annual percent change (APC) and average annual percent
change (AAPC) based on the best model selected by weighted Bayesian
Information Criterion [23]. Compared to the youngest age group of 18-29,
linear regression analysis was conducted to evaluate the associations of the
remaining age groups with URLs, LRLs and widths of RIs, with adjustment
for calendar year.

Thyroid status reclassification and incidence of thyroid dysfunctions
Individuals with TSH and FT4 levels measured within seven days were
included to define their thyroid status using laboratory-specific, and age- and
sex-specific RlIs separately for comparison. If an individual had multiple
measurements of TSH and FT4, only the first set of measurements was used
to define the thyroid status. Euthyroidism was identified by both TSH and
FT4 within Rls. Four thyroid dysfunctions included overt hypothyroidism
(Ohypo) defined by TSH>URL and FT4<LRL; subclinical hypothyroidism
(Schypo) as TSH>URL and FT4 within RI; overt hyperthyroidism (Ohyper) as
TSH<LRL and FT4>URL, and subclinical hyperthyroidism (Schyper) as
TSH<LRL and FT4 within RI. For each individual, thyroid status was
considered reclassified if the status determined by age- and sex-specific Rls
differed from that defined using the laboratory-specific RIs. The percentage
of reclassified cases was calculated as the proportion in each age-sex sub-
group. Annual incidence rates of four thyroid dysfunctions were calculated
(detailed methodology described in Additional file 2: Supplementary

Methods) [24, 25] and their secular trends were analyzed during 2010-2019



using joinpoint regression [26]. Due to the intrinsic difference between the
thyroid function testing platform by Abbott and other manufacturers, we
additionally conducted a sensitivity analysis to establish the age- and sex-
specific RIs for TSH and FT4 stratified by Abbott and non-Abbott platforms,
examining their impact on thyroid status reclassification and incidence of
thyroid dysfunctions (detailed methodology described in Additional file 2:
Supplementary Methods) [27-29].

Statistical analysis

All analyses were performed using R version 4.4.1. Continuous variables were
summarized as mean * standard deviation or median (interquartile range,
IQR), and categorical variables as frequencies (percentages). Statistical

significance was defined as a two-sided P-value <0.05.

Results

Cohort characteristics in establishment of age- and sex-specific RIs

Two cohorts without prior thyroid-related disorders were derived
respectively for individuals with TSH (comprising 2,111,661 individuals with
3,978,396 valid measurements) and FT4 (825,522 individuals with 1,176,088
valid measurements) test records (Fig. 2). Individuals in the TSH cohort had
a mean age of 57.40+18.78 years, consisting of mainly females (58.2%). In
the FT4 cohort, the mean age was 60.01+19.22 years, and 60.0% were female.
Age had significant non-linear relationships with TSH and FT4 levels.
Particularly, both the median TSH and mean FT4 were significantly different

between the two sexes in all age groups (comparison in Additional file 1:



Table S$3. Generalized additive model plots showed non-linear associations
between age and TSH/FT4 levels, with distinct patterns observed
(Additional file 2: Fig. S3).

Secular trends in median TSH and FT4 by age groups and sex are presented
in Additional file 1: Table S4 and Additional file 2: Fig. S4. In each age
group in both sexes, two joinpoints were identified for median TSH during
2006-2019. Whereas at least one joinpoint was identified in median FT4
during 2006-2019 for all age- and sex-stratified sub-groups. We thus

established the age- and sex-specific Rls of both TSH and FT4 on annual basis.

Age- and sex-specific RIs of TSH and FT4

Fig. 3 and Additional file 1: Table §5 present the age- and sex-specific Rls
of TSH and FT4 by calendar year, established from subgroups with sufficient
sample size (TSH: N=4,563-46,956; FT4: N=1,131-16,317). The age- and sex-
specific URLs of TSH consistently exceeded the harmonized URL of 4.2 mIU/L
in all age groups in females across 2006-2019, except for young males =39
in 2016 and/or 2017 (Fig. 3A). Additional file 1: Table S6 presents the
linear regression analysis of RI values by age group. Compared to the
youngest age group of 18-29, the age group of =85 years had the highest
increase in the TSH URLs in both females (Beta [95% CI]: 1.06 [0.98 to 1.14],
P<0.001) and males (1.39 [1.28 to 1.51], P<0.001). TSH LRLs had minimal
variation of <0.3 mIU/L across all age groups in both sexes (Additional file
1: Tables S5). When compared to the youngest age group of 18-29,

significant increases in the RI widths were observed in all age groups in



females and males =50 years (P<0.05; Additional file 1: Table S6).

For FT4, URLs in females demonstrated a J-shaped distribution (Fig. 3B),
with minimum and peak attained at the age group of 40-49 (compared to the
youngest age group: -1.62 [-1.82 to -1.41], P<0.001) and =85 years (1.91[1.7
to 2.11], P<0.001), respectively (Additional file 1: Table $6). Male URLs
showed a U-shaped pattern, and the lowest URL was seen in age group of 50-
59 (compared to the youngest age group: -1.55[-1.82 to -1.28], P<0.001) (Fig.
3B and Additional file 1: Table $6). Inconsistent variations in FT4 LRLs
were observed across age groups in females, but they contributed to a
significant change in the RI width in age groups =40 when compared to the
youngest age group (all P<0.001). In males, ihe L.LRLs in the age group of 18-
29 were significantly higher than all other age groups, contributing to the
significant increases in the RI widths among those aged =60 years (P<0.05)
(Additional file 1: Table $6). From 2006 to 2019, secular trends and
joinpoints were also identified for the URLs and LRLs of TSH and FT4
(detailed description of the results are provided in Additional file 2:
Supplementary Results and Fig. S5, with annual trend statistics listed in

Additional file 1: Tables S7-58).

Reclassification of thyroid status

A total of 932,621 individuals with TSH and FT4 measurements within seven
days were eligible for thyroid status classification using the laboratory-
specific and newly established age- and sex-specific RIs. Using laboratory-

specific Rls, we classified the entire cohort as follows: euthyroidism (64.02%),



Ohypo (2.63%), Schypo (10.79%), Ohyper (6.52%) and Schyper (10.84%).
Reclassification of thyroid status upon application of the newly established
age- and sex-specific RIs were visualized by a chord diagram (Fig. 4), with
substantial proportion of the entire cohort reclassified as euthyroid from both
subclinical (Schypo: 4.81%; Schyper: 5.63%) and overt (Ohypo: 0.26%;
Ohyper: 1.04%) thyroid dysfunction cases defined by laboratory-specific Rls.
Additional file 1: Table S9 presents the reclassification rates of thyroid
function statuses when applying laboratory-specific versus age- and sex-
specific Rls. Females (16.98%) were more likely reclassified as euthyroid
than males (11.21%). More older adults (=85 years: 23.08% for females,
15.03% for males) were reclassified as euthyroia thian the younger adults (18-
29 years: 19.98% for females, 9.42% for males). Proportion of individuals
classified with each of the four thyroid dysfunctions decreased by up to 4.09%

in the entire cohort.

Secular trends in the incidence of thyroid dysfunctions

The standardized incidence rates of the four thyroid dysfunctions defined by
laboratory-specific, and age- and sex-specific RIs, together with their secular
trends, are presented in Table 1 and Fig. 5. The standardized incidence rates
of thyroid dysfunctions were substantially lower when they were defined by
age- and sex-specific RIs compared to the conventional laboratory-specific
Rls.

With age- and sex-specific RIs, incidence of Ohypo per 100,000 person-years

rose from 14.55in 2010 to 15.56 in 2019 (AAPC: 0.98% [95% CI: 0.2 to 1.76%],



P=0.014). In contrast, no overall secular trend was observed for Ohypo
defined using laboratory-specific RIs during 2010-2019 although two
joinpoints were identified. Incidence (per 100,000 person-years) of Schypo
defined by age- and sex-specific Rls increased from 58.02 in 2010 to 69.45 in
2019 (AAPC: 2.1%[1.42 to 2.83%], P<0.001) without any joinpoints identified.
Despite the similar increasing trend (AAPC: 2.35% [0.93 to 3.93%], P<0.001),
Schypo defined by laboratory-specific RIs showed a higher incidence (82.74-
122.16 per 100,000 person-years) and two joinpoints were detected.

Standardized incidence of Ohyper (per 100,000 person-years) defined by age-
and sex-specific RIs demonstrated an overall increasing trend from 19.36 in
2010 to 33.53 in 2019 (AAPC: 6.59% [5.85 to 7.13%], P<0.001), whereas
incidence of Ohyper determined by laboratory-specific RIs remained stable
(AAPC: -0.07% [-0.94 to 0.8%], 7=0.839). Although the incidence in Schyper
defined by both the Rls demonstrated an increasing overall trend from 2010
to 2019, the magnitude of increase by age- and sex-specific RIs (AAPC: 1.28%
[0.57 to 1.99%], P<0.001) was milder than that using laboratory-specific Rls
(AAPC: 4.2% [2.71 to 5.75%], P<0.001). In sex-stratified analyses, age-
standardized incidence rates of thyroid dysfunctions defined using age- and
sex-specific RIs were consistently lower than those determined by laboratory-
specific Rls, except for Schyper in males during 2010-2013 (comparison of
secular trends in sex-stratified standardized incidence rates defined by
laboratory-specific RI versus age- and sex-specific RI are illustrated in

Additional file 2: Fig. S6).



Sensitivity analysis for age- and sex-specific Ris stratified by platforms

Establishing and applying the age- and sex-specific Rls for Abbott and non-
Abbott platforms (presented in Additional file 1: Tables $10-511) resulted
in similar thyroid status reclassification patterns (chord diagram in
Additional file 2: Fig. S7) and longitudinal incidence trends for
hyperthyroidism and hypothyroidism (comparison of secular trend in
Additional file 2: Fig. S8 and detailed description in Additional file 2:

Supplementary Results).
Discussion

This study established the population-based age- and sex-specific Rls for TSH
and FT4 using an indirect method and one of the largest EHR datasets to date.
The derived Rls were significantly wider in elderly individuals than in the
youngest adults. With these age- and sex-specific Rls, the proportion of
individuals classified with thyroid dysfunctions decreased from 30.78% to
18.57%, highlighiing that conventional laboratory-specific RIs may
overestimate the prevalence and incidence of thyroid dysfunctions, and lead
to inaccurate assessment of the secular trends.

Our findings demonstrated that age- and sex-specific RIs for TSH and FT4
were significantly wider in older adults compared to younger individuals. For
TSH, the widened RIs were primarily driven by a pronounced increase in
URLSs, consistent with known age-related changes in thyroid function [7, 15,
30, 31]. For FT4 in females aged =70, LRLs were not materially different

from the youngest group, while URLs were highest in this age group following



the J-shaped pattern. In males aged =70, the LRLs were significantly lower
than that of the youngest adults, whereas URLs exhibited a U-shaped pattern,
both contributing to wider FT4 Rls in this age group. Yet, the J- or U-shaped
patterns of FT4 URLs diverged from previous reports which indicated stable
or slightly increased FT4 levels with advancing age [10, 12]. Such
discrepancies may be attributed to the different sample sizes and sex
distributions in elderly cohorts across studies [31, 32]. Proposed mechanisms
explaining these age-related changes include a physiological recalibration of
the hypothalamic-pituitary-thyroid axis set-point. Older individuals exhibit a
reduced hypothalamic pituitary TSH response to thyrcid hormone deficiency,
leading to a smaller TSH increase for a comparable reduction in FT4 [33, 34].
It has also been proposed that aging may be associated with reduced TSH
bioactivity or altered thyroida! responsiveness to TSH, although the
underlying mechanisms remain incompletely understood [10]. In addition,
age-related low-grade inflammation may influence peripheral thyroid
hormone metabolism. Proinflammatory cytokine signaling has been shown to
downregulate type 1 deiodinase, which may impair the conversion of
thyroxine into active triiodothyronine [35], while inflammatory states may
induce type 3 deiodinase activity, thereby promoting thyroid hormone
inactivation [36]. Notably, the TSH LRLs established in our study were
comparatively lower than studies conducted in France [15], Netherlands [16]
and China [11], likely attributed to the different study designs and

methodologies. First, some studies adopted strict exclusion cut-offs (e.g.,



excluding TSH values <0.10 and >10.0 mIU/L [15]) in establishing the RIs,
while we prioritized the retention of all records to capture biochemical
variation at population-level more comprehensively. Second, the Netherland
[16] study established the RIs per manufacturer, implying that all
laboratories had the same RIs provided by the manufacturer and no
harmonization is required. Third, the Chinese study was indeed a multi-
center study with thyroid function measured by assays of different
manufacturers [11]. Yet, they directly pooled the data without harmonization,
which requires cautious interpretation due to the existence of interlaboratory
variation [18].

Despite recent efforts to establish age-specific {16] or age- and sex-specific
RIs[5, 11, 15] for TSH and FT4 in various populations using indirect approach,
our study further advanced the methodology. First, we harmonized TSH and
FT4 data collected from multiple institutions, enabling broader inclusion
criteria and minimizing imprecision arising from inter-laboratory variability
and manufacturer differences [18]. Although these harmonized, age- and sex-
specific reference limits are not directly comparable to raw measurements or
international clinical thresholds, raw values can be readily converted to the
harmonized scale using our transformation process to enable direct
comparison. Second, unlike previous studies that pooled data across different
calendar years to establish the new RIs [5, 11, 15], we stratified our cohort
by the measurement year and revealed that medians, URLs and LRLs for TSH

and FT4 varied from 2006 to 2019, with notable trends and joinpoints.



Attributable to the use of population-based EHR database, our annual cohorts
remained sufficiently large (N=4,563 for TSH and N=1,131 for FT4) to
reliably establish the age- and sex-specific Rls. The secular trends observed
for TSH and FT4 demonstrate the temporal variation of thyroid function in
the population, providing proof-of-concept evidence that age- and sex-specific
RIs should be regularly reviewed. Compared with FT4, TSH is more sensitive
to subtle changes in environment and physiology [38], leading to greater
temporal variability. For practical implementation, we suggest reviewing
age- and sex-specific RIs for FT4 concurrently with TSH at least every five
years, or at a maximum interval of every ten years, to ensure ongoing
diagnostic accuracy.

By implementing the age- and sex-specific RlIs, an additional 14.76% of our
cohort was reclassified as euthyroid, markedly reducing the number of
thyroid dysfunction diagnoses, particularly among the elderly and females.
This change mitigates the risk of overdiagnosis and unnecessary treatment,
which aligns with studies conducted in France [15] and the Netherlands [16].
While evidence suggests that overtreating elderly patients with Schypo by
levothyroxine may cause a higher risk of osteoporotic fractures [39], this
highlights the clinical importance of age- and sex-specific RIs in preventing
overtreatment.

Conversely, the upward shift of age- and sex-specific URLs and widening of
RlIs with age may potentially miss the true Ohypo and Schypo cases and incur

risk of underdiagnosis in the elderly. Underdiagnosis and undertreatment of



true hypothyroidism are linked to elevated risk of adverse cardiovascular
events [40]. To address this concern, we examined individuals reclassified as
euthyroid using age- and sex-specific RIs. Most were originally defined as
Schyper or Schypo by laboratory-specific RIs (chord diagram in Fig. 4).
Reclassification rate from Schypo to euthyroid increased with age, consistent
with the well-documented age-related rightward shift of the TSH distribution
[7, 30]. In contrast, reclassification rate from Schyper to euthyroid did not
exhibit a clear link with age, aligning with the greater stability of the lower
tail of the TSH distribution across age groups. This asymmetry supports the
mechanistic interpretation that age- and sex-specific Ris primarily correct for
age-related shift in the upper, but not the lower, tail of the TSH reference
distribution. We further examined the raw TSH distribution among all
734,734 individuals classified as euthyroid using the age- and sex-specific Rls.
Only 11,401 (1.55%) had a raw TSH value in the extreme range
conventionally regarded as indicative of overt thyroid dysfunction in routine
clinical practice (<0.1 or >10 mIU/L). Of these, 11,232 (98.5%) had originally
been classified as either Ohyper (n=5,858) or Schyper (n=5,374), indicating
that extreme raw values among the euthyroid individuals reclassified by age-
and sex-specific RIs were concentrated at the suppressed rather than the
elevated end of the TSH spectrum.

Since the clinical diagnosis of overt thyroid dysfunction requires confirmation
by repeat testing and integration of clinical findings rather than reliance on

a single biochemical snapshot [41, 42] , such cases would be expected to



undergo further evaluation. Evidence from the Thyroid Hormone
Replacement for Untreated Old Adults with Subclinical Hypothyroidism Trial
(TRUST) [43] and a pooled analysis including Institute for Evidence-Based
Medicine in Old Age (IEMO) 80-plus thyroid trial [44] has further shown that
withholding levothyroxine from older adults with Schypo was not associated
with adverse cardiovascular or symptomatic outcomes, indicating that the
underdiagnosis and undertreatment concern raised by age- and sex-specific
Rls is unlikely to translate into clinical harm in the elderly population.
Nonetheless, we acknowledge that a small subset of individuals classified as
overt thyroid dysfunction under laboratory-specific Rls may fall within age-
and sex-specific RIs. We therefore recommend that these Rls be interpreted
as an adjunct to, rather than a replacement ior, clinical assessment. In clinical
implementation, in cases where thyroid function tests were abnormal under
either laboratory-specific or age- and sex-specific Rls, prompt clinical review
is required. In addition, raw TSH values <0.1 or >10 mIU/L should trigger
clinical review irrespective of the thyroid status defined by the age- and sex-
specific Rls. This would safeguard against underdiagnoses while allowing
age- and sex-specific RIs to inform treatment decisions and reduce
overtreatment of physiologically normal variation.

The adoption of age- and sex-specific Rls also resulted in lower standardized
incidence rates for the four major thyroid dysfunctions when compared to the
use of laboratory-specific Rls during 2010-2019, which may be explained by

the consistently higher age- and sex-specific URLs for TSH compared to the



harmonized URL (Fig. 3). In particular, the incidence rate of Ohyper (19.36-
33.53 per 100,000 person-years) defined by age- and sex-specific RIs in all
calendar years were approximately half of that defined by laboratory-specific
RlIs (65.79-72.88 per 100,000 person-years; Table 1). Application of the age-
and sex-specific RIs of TSH and FT4 in clinical setting may therefore reduce
over-diagnosis and over-treatment of overt thyroid dysfunctions, particularly
Ohyper. Our secular trend analysis using age- and sex-specific RIs further
revealed an increasing burden of all thyroid dysfunctions from 2010 to 2019,
likely attributable to the rising number of thyroid function tests conducted in
the public healthcare institutions during the study period, particularly in the
older age groups. Such increase may be explained by the recommendation of
thyroid function testing by international guidelines for high-risk groups such
as patients with atrial fibrillation (AF) [45, 46] and obesity [47], as well as
their elevating incidence over the years [48-50]. The incident Ohyper defined
by age- and sex-specific RIs was also observed to increase from 2016 to 2019,
which may again be explained by the increased volume-of thyroid function
tests, that accompanied the sharp increase in the standardized incidence of
AF from 2015 onwards [49]. Adoption of the platform-stratified age- and sex-
specific Rls did not lead to materially different trends in thyroid dysfunctions
(Additional file 2: Supplementary Discussion) [27]. Notably, the overall
increasing trend of all thyroid dysfunctions during 2010-2019 and the sharp
increase from 2016 to 2019 for the standardized incidence in Ohyper were

not observed when laboratory-specific RIs were applied (7able 1), which



might delay the possible measures that could be implemented in early
monitoring and prevention of Ohyper. On the other hand, the observed
significant trends in thyroid dysfunctions classified by laboratory-specific Rls
reflect change in clinical paradigm. Following the National Academy of
Clinical Biochemistry guidelines issued in 2003 [51], there was a push to
lower the TSH URL. However, in 2012, the American Thyroid Association and
the American Association of Clinical Endocrinologists co-developed
guidelines [52] that endorsed maintaining higher URLs of 4.12 mIU/L.
Correspondingly, we revealed that the proportion of high TSH URLs =4.37
mlIU/L increased from 28.2% in 2012 to 66.4% in 2016, followed by a decline
to 44.6% in 2019 (annual distribution of laboratory-specific TSH reference
limits shown in Additional file 2: Fig. S1). This change in the proportion of
high TSH URLs implied that less individuals were defined as Ohypo or Schypo
from 2012 to 2016, while the number increased from 2016 to 2019. Moreover,
the proportion of relatively low TSH LRLs =0.27 mIU/L was reduced from
71.8% in 2012 to 44.9% in 2015, followed by an increase to 58.5% in 2019.
Such shift in low TSH LRLs suggested that individuals categorized as Schyper
or Ohyper increased from 2012 to 2015 and subsequently declined from 2015
to 2019.

Despite the aforementioned strengths and clinical implications, this study
also had limitations. First, in establishing the age- and sex-specific Rls, we
did not exclude individuals with positive thyroid antibodies as recommended

by the National Academy of Clinical Biochemistry [21]. Nevertheless, a study



among Hong Kong Chinese in 2011 found similar RI of TSH before and after
excluding these individuals [53], supporting the reliability of our study design.
Second, as the study was conducted in a population-based cohort in Hong
Kong, the generalizability of our findings was limited. The age- and sex-
specific RIs established in this study may not be directly applicable to
populations in other geographical regions of different ethnicities and iodine
intake. Third, although we applied stringent exclusion criteria for
documented thyroid-related disease diagnoses and treatments, utilizing real-
world data from EHR database inherently carries the risk of including
individuals with unrecognized or unrecordecd conditions. While
pharmaceutical and surgical records effectively capture most overt cases, we
cannot entirely rule out the presence of undiagnosed, asymptomatic
individuals within our study cochort. Finally, as our standardized incidence
rates were calculated using World Bank population data for individuals aged
20 years and above, cur estimated incidence of thyroid dysfunctions may be

comparatively lower than those reported in studies including all age groups.
Conclusions

This study established the first age- and sex-specific Rls for TSH and FT4
among adults in Hong Kong. Unlike conventional laboratory-specific Rls
which apply a uniform standard to all individuals, age- and sex-specific Rls
account for intrinsic physiological variation of TSH and FT4 across the
lifespan and between sexes. Our findings demonstrate that the age- and sex-

specific RIs can reduce misclassification of thyroid dysfunctions in different



age-sex subgroups, thereby improving diagnostic accuracy and enabling
more precise monitoring of secular trends. These advancements may
ultimately contribute to optimal management of thyroid dysfunctions and
better patient outcomes. Finally, given TSH’s higher sensitivity than FT4, we
recommend review of the age- and sex-specific RIs of TSH at least every five
years. To maintain clinical utility in response to observed secular trends, FT4
RlIs should be reviewed concurrently, or at a maximum of every ten years.
Further studies in geographically and ethnically diverse populations are
warranted to validate the broader applicability and generalizability of these
findings.
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Figure titles and legends

Fig. 1: Workflow of the study design
Fig. 2. Cohort derivation for establishment of age- and sex-specific

TSH and FT4 reference intervals
Abbreviation: TSH, thyroid-stimulating hormone; FT4, free thyroxine.

Fig. 3: Age- and sex-specific reference intervals for TSH and FT4 by

calendar year (2006-2019)

Abbreviations: FT4, free thyroxine; TSH, thyroid-stimulating hormone.

*Red circles denote female-specific values; blue circles denote male-specific values. A color
gradient (light to dark) indicates temporal progression from 2006 to 2019. Dashed horizontal
lines represent harmonized laboratory reference intervals for TSH and FT4.

Fig. 4: Thyroid status reclassification using age- and sex-specific Rls
with reference to laboratory-specific Rls

The chord diagram illustrates the reclassification of thyroid statuses defined using the age-
and sex-specific RIs compared with the conventional laboratory-specific RIs. The bottom arc
represents the initial thyroid statuses defined by laboratory-specific Rls, while the top arc
represents the reclassified thyroid statuses defined by age- and sex-specific RIs. The width
of each connecting ribbon is proportional to the number of individuals following that specific
reclassification path. Ribbons connecting different categories (e.g. from ‘Schyper’ on the
bottom arc to ‘EU’ on the top arc) indicate individuals whose thyroid status was reclassified.
Conversely, ribbons connecting segments of the same category (e.g. from ‘EU’ to ‘EU’)
represent individuals whose thyroid status remained unchanged using both sets of RIs. The
outer scale is graduated in units of 0.01, where each unit corresponds to 1% of the total
cohort.

Abbreviations: EU, euthyroidism; Ohyper, overt hyperthyroidism; Ohypo, overt
hypothyroidism; Schyper, subclinical hyperthyroidism; Schoypo, subclinical hypothyroidism;
RI, reference intervals; Uncat. refers to individuals who could not be categorized into any of
the above thyroid status.

Fig. 5: Secular trends in standardized incidence rate of thyroid

dysfunctions from 2010 to 2019
Abbreviations: AAPC, average annual percent change; APC, annual percent change; RI,
reference interval.

Table 1. Secular trends in standardized incidence rates of thyroid

dysfunctions
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Abbreviation: AAPC, average annual percent change; APC, annual percent change; CI,
confidence interval; Ri, reference intervals.
ax Indicates a statistically significant APC during this period; PA marks a significant joinpoint
identified in this year;

¢ 9% was the unit for APC and AAPC; 4 100,000 was the unit for standardized incidence.
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All individuals with TSH and FT4 records measured in different institutions under the
Hong Kong Hospital Authority from 2006 to 2019

J

Harmonization of TSH and FT4 records from
multiple institutions such that laboratory
tests measured in different institutions had
uniform harmonized reference intervals (Rls)-
TSH: 0.27-4.2 mIU/L; FT4: 12-22 pmol/L

Examination of secular trends in
median TSH and FT4 from 2006 to 2019 by
age groups and sex

Establishment of age- and sex-specific Rls
of TSH and FT4 on annual basis
(termed age- and sex-specific Rls for

Thyroid status defined by
laboratory-specific Rls
(Laboratory-specific Rls are uniform for
allindividuals tested in the same
laboratory, regardless of their
age and sex)

simplicity)

Thyroid status defined by the newly

established age-and sex-specific Rls

Compare the clinical impact of age- and sex-specific Rls with laboratory-specific Rls

1. Reclassification
of thyroid status

2. Secular trends in incidence of
thyroid dysfunctions




All TSH laboratory test records from 2006 to 2019
(8,293,386 records of 2,466,036 public healthcare

SErvice users)

All FT4 laboratory test records from 2006 to 2019
(4,051,346 records of 1,162,569 public healthcare

SErvice users)

A 4

Exclude laboratory test records collected from individuals aged
— under 18 years or during pregnancy (TSH cohort: n= 145,622
records; FT4 cohort: n= 98,035 records).

Non-pregnant adults with TSH/FT4 laboratory test records from 2006 to 2019
(2,320,414 with TSH measurements and 1,064,534 with FT4 measurements, respectively)

In each calendar year from 2006 to 2019, we applied the following

exclusion criteria with a 5-year washout period:

* Diagnosis of thyroid disorders or thyroid cancer
(TSH cohort: N=17.494; FT4 cohort: N=21,973)
* Use of thyroid-related medications (TSH cohort: N= 73,996, FT4

cohort: N=78.,603)
* Diagnosis of pituitary-hypothalamic disorders (TSH cohort: N=
14,502, FT4 cohort: N=18,231)
« History of radioactive iodine therapy or thyroid/parathyroid
surgery (T'SH cohort: N=825; FT4 cohort: N=1,337).

A 4

2,213,597 and 944,390 unique public healthcare service users with TSH and FT4 measurement respectively

A 4

Exclude abnormal test records or those with invalid laboratory

range values (TSH cohort: n=101,936; FT4 cohort: n= 89,609)

Final cohort:
2,111,661 public healthcare users with 3,978,396 valid TSH measurements; and
825,522 public healthcare users with 1,176,088 FT4 valid measurements
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Overt hyperthyroidism

APC: 1.18* APC: -1.61*
APC: 9.72* -
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Method -e- Age- and sex-specific Rl =& Labortory-specific RI
Overt hypothyroidism
APC: 2.07
AAPC: -2.72

APC: -20.41*
APC: 10.40*

APC/AAPC: 0.98*
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Subclinical hyperthyroidism

APC: -2.87

AAPC: 4.20*

APC: 17.56*

APC/AAPC: 1.28*
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Subclinical hypothyroidism
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