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Abstract

Background Thyroid hormones are key determinants of health and well-being. Normal thyroid function is defined
according to the standard 95% confidence interval of the disease-free population. Such standard laboratory reference
intervals are widely applied in research and clinical practice, irrespective of age. However, thyroid hormones vary with
age and current reference intervals may not be appropriate across all age groups. In this review, we summarize the
recent literature on age-related variation in thyroid function and discuss important implications of such variation for
research and clinical practice.

Main text There is now substantial evidence that normal thyroid status changes with age throughout the course of
life. Thyroid stimulating hormone (TSH) concentrations are higher at the extremes of life and show a U-shaped lon-
gitudinal trend in iodine sufficient Caucasian populations. Free triiodothyronine (FT3) levels fall with age and appear
to play a role in pubertal development, during which it shows a strong relationship with fat mass. Furthermore, the
aging process exerts differential effects on the health consequences of thyroid hormone variations. Older individuals
with declining thyroid function appear to have survival advantages compared to individuals with normal or high-
normal thyroid function. In contrast younger or middle-aged individuals with low-normal thyroid function suffer an
increased risk of adverse cardiovascular and metabolic outcomes while those with high-normal function have adverse
bone outcomes including osteoporosis and fractures.

Conclusion Thyroid hormone reference intervals have differential effects across age groups. Current reference ranges
could potentially lead to inappropriate treatment in older individuals but on the other hand could result in missed
opportunities for risk factor modification in the younger and middle-aged groups. Further studies are now needed to
determine the validity of age-appropriate reference intervals and to understand the impact of thyroid hormone varia-
tions in younger individuals.
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Introduction

Thyroid hormones play an important role in the devel-
opment and maintenance of normal metabolic pro-
cesses throughout life [1, 2]. Clinically, thyroid function
is assessed by measuring thyroid stimulating hormone
(TSH) and free thyroid hormone levels [3]. The com-
plex inverse relationship between TSH and thyroid hor-
mone levels renders TSH the more sensitive marker
of overall thyroid status [4]. Euthyroidism or “normal”
thyroid function is based on establishing the 95% con-
fidence interval of TSH and thyroid hormone levels in
individuals without thyroid disease. Whilst this statisti-
cal approach is a key component of conventional clinical
practice, this “one size fits all” approach may need refin-
ing. It is well established in adults that there is narrower
intra-individual variation in thyroid hormone parameters
compared to the variation observed between individu-
als [5]. Furthermore, thyroid hormone levels are largely
genetically determined [6-8] with similar genetic effects
observed in children and adults [8]. Thus, the thyroid
function of an individual may remain within the defined
population range but fall outside their genetically deter-
mined set-point.

There is increasing evidence that thyroid status
within the reference range is a risk factor for disease
burden [9, 10] and that over 95% of rigorously screened
individuals without thyroid disease or autoantibodies
have TSH concentrations below 2.5 mIU/L [11]. These
considerations have generated intense debate as to
whether the existing approach to establishing thyroid
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reference ranges should be refined [12, 13]. Manipu-
lation of reference-ranges is not a new concept. For
example, the defined reference range for cholesterol
is not related to its distribution in a population but
instead to its 10-year cardiovascular mortality risk [14].
A similar approach for thyroid function is admittedly
more complex as adverse risks exists both for high and
low thyroid function whereas the key risk in cholesterol
is seen with higher levels. Stratification of thyroid sta-
tus reference ranges is nevertheless appealing.

Compelling arguments can be made for age-specific,
ethnicity specific, and pregnancy specific reference
ranges [3]. Of these, age is particularly important as
symptoms consistent with ageing such as tiredness and
fatigue are potential but not strongly predictive features
of hypothyroidism [3]. In addition, the normal TSH
distribution curve is shifted to the right in the elderly
(Fig. 1) and it is increasingly recognised that higher TSH
levels may represent a normal part of ageing [15-17].
Thus, older individuals with marginal elevations of TSH
may be inappropriately treated for hypothyroidism even
though their thyroid function is within the normal range
for their age-group. This may explain at least in part the
lack of therapeutic benefit observed in older individuals
with subclinical hypothyroidism [18]. There is also evi-
dence that in individuals established on Levothyroxine,
dose requirement falls with age [19, 20]. In contrast thy-
roid hormone levels may be higher in children and there
is growing evidence that children and adolescents require
higher Levothyroxine doses than adults [21].

TSH distribution by age
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Fig. 1 TSH distribution by age.“Legend: Figure is a schematic simple curve based approximately on data in studies which have shown an increase
in TSH reference intervals with increasing age (reference 15-17). The X axis is not drawn to scale for illustrative purposes”
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These considerations have implications for clini-
cal practice as hypothyroidism is common globally and
increases in prevalence with age [22, 23]. Furthermore,
the TSH threshold for levothyroxine initiation has
been falling in recent years with many older individu-
als increasingly started on Levothyroxine at borderline
TSH levels [24]. In the UK, Levothyroxine initiation in
the elderly has progressively increased with annual initia-
tion rates ranging between 30 and 50 per 100,000 in indi-
viduals aged over 60years (Fig. 2). Overall, the prevalence
of hypothyroidism in the UK increased 50% from 2.3 to
3.5% between 2005 and 2014 [25]. Thus, the prevalence
of hypothyroidism is set to increase given the ageing
global population [26] together with widespread thyroid
function testing [22]. A re-appraisal of the life-course of
thyroid function is therefore timely and will have impli-
cations not only for clinical practice but also for clinical
trials [27]. In this review we highlight the age-related
changes in thyroid function that occur through child-
hood and adolescence as well as the variation in adult-
hood and older individuals and explore the implications
of these changes for research and clinical practice.

Methods

We undertook a narrative review of the literature and
searched PubMed using a combination of the key words:
thyroid function, TSH, FT4, FT3, TT4, TT3 reference
range, reference interval, children, adolescents, aging,
and elderly. We reviewed relevant articles published in
the English language between January 2000 and February
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2021. Our preference was for relevant original stud-
ies, including observational studies, clinical trials, and
meta-analysis, that have shaped current knowledge and
practice with respect to age-related variation in thyroid
function. Changes to thyroid status and ideal population
and trimester reference-ranges are beyond the scope of
this paper and are dealt with by another excellent review
of thyroid in pregnancy [28].

Thyroid function in children

Thyroid hormones are responsible for normal childhood
growth and development [1]. Uncorrected thyroid dys-
function is associated with growth disorders, delays in
sexual maturation, and cognitive dysfunction in children
[29]. In addition, variation in thyroid function within the
normal population reference range in children is associ-
ated with negative effects on important outcomes such
as blood pressure [30] lipid metabolism [31], and puber-
tal development [32]. Small studies in children indicate
marked variation in thyroid hormone reference ranges
such that adult reference intervals are not universally
applicable to children [33-35]. A systematic review of
reference range studies in children showed TSH upper
limit ranges as wide as 2.36-6.45 mIU/L in 11-20-year-
olds with free thyroxine (FT4) lower and upper limits
of 7.0-14.2 and 15.5-31.5pmol/L, respectively [36]. In
addition, reference range variation was even more pro-
nounced in the younger age brackets and grew narrower
with increasing age. However, these variations may partly
be due to differences in study parameters including age

Levothyroxine initiation rates by age in England, Years 2001-2009
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at sampling, assay methods, ethnicity, body mass index,
iodine nutrition status, as well as the methodological
approach for deriving the reference intervals.

TSH reference intervals in children

Cross-sectional studies generally show higher TSH upper
limits in younger children (<5years) compared to older
children, with a gradual decline in TSH concentration as
the adult age is approached [33, 36—39]. In some studies,
TSH concentration was higher in boys than in girls [38],
was positively associated with body weight [40, 41], and
showed ethnic-related variation. For example, TSH was
higher in Caucasian children compared to children of
African descent [36] or in Jewish versus non-Jewish chil-
dren [41].

Two large longitudinal studies have analysed TSH pro-
files through adolescence in the same population [32, 42]
(Table 1). In the first of these studies, we reported a rise
in TSH levels from age 7 to 15years in 884 participants
of the Avon Longitudinal Study of Parents and Children
(ALSPAC) [32]. In addition, we found a higher TSH level
in boys than in girls but with no difference in the slope
of increase between the sexes. The second study was a
recent longitudinal analysis of participants in the Bris-
bane Longitudinal Twin study in which thyroid func-
tion was measured at age 12, 14, and 16years [42]. The
study reported no change in TSH concentration from age
12 to 14years but with a subsequent increase from 14 to
16 years. Although different age ranges were examined in
these studies, these two longitudinal findings are largely
consistent in the increase in TSH across the pubertal
years. Applying the adult reference ranges to children
in both studies would have misclassified TSH as either
abnormal or normal in 3-6% of the population [32, 42].

Page 4 of 12

FT4 and FT3 reference intervals in children

Previous cross-sectional studies have indicated that free
triiodothyronine (FT) falls and FT, rises from age 4 years
[43-45]. In a population-based Danish cohort of 2411
healthy 6—19-year-old children, median values of FT4
and FT3 fell with increasing age for both sexes with the
decline most pronounced around the time of puberty,
age 11-15years [46]. In Indian children of a similar age
group FT3 and FT4 also showed an inverse association
with age, although this relationship was only significant
in girls [47, 48].

In our cohort study in which thyroid function was
measured at ages 7 and 15years in the same children,
we identified substantial changes in thyroid hormones,
particularly FT3 [32] (Table 1). At age 7 children had a
higher FT3 than children at age 15, and 23% of children
at age 7 had FT3 above the adult reference-range. Girls
had a higher baseline FT3 than boys and a greater slope
of decline. For FT4, these changes were less pronounced.
FT4 at age 7years was slightly higher than at 15years
and was higher in girls compared to boys. In both hor-
mones there was greater variability at age 7 compared to
age 15years with convergence towards the adult refer-
ence ranges with age [32]. In the study by Campbell et al,
FT3 in girls showed minimal change from 12 to 14.years
and then declined sharply from 14 to 16 years whereas in
boys it increased from age 12 to 14 and decreased by age
16years [42]. FT4 on the other hand increased from age
14 to 16years in both sexes. Application of the adult FT3
reference range would have misclassified 35% of 12-year-
old girls and 58% of 14-year-old boys as high [42].

FT3 in particular may have important influences on
childhood development especially at puberty. In our
data, higher FT; levels at age 7 in boys and girls were

Table 1 Longitudinal studies of thyroid function in children and adolescents

Authorand year  Cohort, number Ages sampled Assay Used TSH change FT4 change FT3 change
Taylor, 2017 [32] ALSPACUK, n =884  7,15yrs Cobas e601 (Roche) 7to 15yrs 7to15yrs 7to15yrs
Increased by 0.12 Decreased by Decreased by
mIU/L. 0.16 pmol/L. 0.48 pmol/L.
No sex difference in = No sex difference in  Greater decline in girls
change. change. than boys.
Campbell, 2020 [42] BLTS Australia, 12,14, 16yrs Abbott ARCHITECT  12to 14yrs 12to 14yrs 12to 14yrs
n=1499 Boys: no change. Boys: no change. Boys: Increased
Girls: no change. Girls: increased by by 0.29 pmol/L
0.30pmol/L. Girls: Increased by
0.07 pmol/L
14to 16yrs 14to 16yrs 14to 16yrs
Boys:increased by  Boys:increased by  Boys: decreased
7.2%. 0.64 pmol/L. by 0.62 pmol/L.
Girls: increased by Girls: increased by Girls: decreased by
4.9%. 0.42 pmol/L. 0.53pmol/L.

Legend: Longitudinal changes were derived from linear mixed models adjusted for age, sex, puberty, and body mass index (Taylor [32]), and for age, puberty, and body

mass index (Campbell [42]); ALSPAC Avon Longitudinal Study of Parents and Children, BLTS Brisbane Longitudinal Twin Study
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associated with attainment of a more advanced pubertal
stage at age 13, but no clear effect was seen with TSH and
FT4 [32]. Likewise, the study by Marwaha and colleagues
in Indian children showed that the onset of puberty
was accompanied by a rise in FT3 together with a cor-
responding fall in FT4 [44]. Intriguingly, a Mendelian
Randomization study in our cohort identified that higher
levels of fat mass appeared to result in higher levels of
FT3 particularly in younger children [49]. This effect was
less apparent in older children and may be diminished in
adults. However, a similar effect is still observed in obese
adults who often have higher FT3 levels and a higher
FT3:FT4 ratio than the general population [50]. It is likely
that the observed relationship between FT3 and BMI
is driven by fat mass, however the mechanism for this
is unclear. It is possible that increased fat mass induces
a response from the HPT axis to preferentially increase
FT3 levels or that increased brown adipose tissue which
is rich in DIO2 increases conversion of FT4 to FT3. More
research is needed in this area.

Overall, these findings suggest that variation in thy-
roid function in children is more plastic than previously
envisaged. Further studies are needed to clarify the pitui-
tary-thyroid axis in childhood and adolescence. The vari-
ations observed for FT3 may be particularly relevant to
children with congenital hypothyroidism. It is uncertain
whether treated hypothyroid children have adequate FT3
levels for optimal timing of puberty and other develop-
mental processes. It is noteworthy that hypothyroidism
diagnosed in the immediate pre-pubertal years can cause
delays in puberty [51]. It is also possible that relative lack
of FT3 may contribute to the cognitive deficits observed
in children with congenital hypothyroidism despite ade-
quate Levothyroxine replacement [52]. Manipulating FT3
levels in children with congenital hypothyroidism to mir-
ror the levels seen in children without hypothyroidism
would be conceptually attractive but challenging to safely
implement. Unlike Levothyroxine which has extensive
safety data the long-term safety of Liothyronine has not
been established in children [53, 54]. However, the devel-
opment of longer acting T3 preparations might offer a
safer means of replicating normal thyroid status without
the potential risks of short-acting Liothyronine on cardi-
ovascular and bone health.

Thyroid function in the general adult population

Most laboratories report a TSH interval between 0.4
and 4.5 mIU/L in the disease-free adult population. This
broad and somewhat arbitrary reference interval repre-
sents the gold standard measure of thyroid dysfunction
in adults. In reality the positively skewed TSH distribu-
tion means that most individuals have a TSH between
0.4 and 3.0 mIU/L (Fig. 1) [15]. In older individuals on
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the other hand, the TSH distribution curve shifts to the
right such that the upper TSH reference limit is as high
as 7.0 mIU/L. Thus, lowering the TSH upper limit would
classify 15-20% of the elderly population as subclinical
hypothyroidism, a condition for which treatment benefits
are unproven [55]. A meta-analysis of randomised con-
trolled trials (RCTs) showed no symptomatic benefits of
Levothyroxine in adults with subclinical hypothyroidism
[56]. However, the meta-analysis included a significant
proportion of elderly participants (mean age>65years)
with mild TSH elevations which may reflect the aging
process rather than intrinsic thyroid disease [18, 57]. Fur-
thermore, some of the RCTs were conducted in asymp-
tomatic individuals with mild TSH elevations (3.5-10
mlU/L). Given that Levothyroxine is increasingly offered
to individuals with subclinical hypothyroidism [24], it is
not surprising that symptomatic patients are under-rep-
resented in clinical trials since they would already have
been started on treatment.

Implications of thyroid hormone variation within the normal
reference range

Studies in euthyroid populations offer an alternative
approach for investigating the effects of thyroid function
variation in adults [10]. Unlike studies in subclinical thy-
roid disease, the lack of treatment in euthyroid cohorts
allows convenient analysis of large datasets without the
confounding effects of treatment. A 2013 meta-analysis
of observational studies revealed that even within the
population reference range, variations in thyroid hor-
mone levels were associated with a range of adverse
cardiovascular, metabolic, and bone outcomes [10]. In
essence, high-normal TSH, was associated with adverse
cardiovascular and metabolic outcomes whereas low-
normal TSH was associated with adverse bone outcomes.
In particular higher levels of TSH were associated with
worsening of both blood pressure [58—60] and lipid lev-
els [61, 62] although these effects were modest. In addi-
tion, higher TSH levels within the reference-range were
associated with higher all cause [63] and cardiovascular
mortality [63, 64]. Associations with blood pressure and
lipid levels were also present in children [30, 31] high-
lighting the influence of TSH on cardiovascular risk fac-
tors throughout life.

Changes in body weight have also been linked with thy-
roid function variation within the population reference-
range. Higher TSH levels were associated with increased
BMI [65, 66], and in longitudinal studies, individuals with
rising TSH levels over time exhibited greater weight gain
[67, 68]. In contrast FT4 was strongly negatively associ-
ated with BMI [65]. In addition, lower thyroid function
within the population reference range was associated
with an increased risk of non-alcoholic fatty liver disease
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in middle aged individuals [69]. This effect persisted
despite adjusting for age, sex, use of lipid modifying
drugs and other cardiovascular risk factors [69]. Similar
cross-sectional analyses have identified that lower TSH
levels and higher levels of FT4 within the population ref-
erence-range are associated with increased risk of devel-
oping osteoporosis [70-73] and suffering subsequent
fractures [71, 74] in post-menopausal women.

However, it is important to note that these associa-
tions are based on observational cross-sectional data
and therefore prone to the limitations of unmeasured or
residual confounding as well as the possibility of reverse
causation. Also, these studies were undertaken in sam-
ples with predominantly middle-aged participants and so
will not be applicable to older individuals for whom a dif-
ferential impact of thyroid function on health outcomes
has been observed in the euthyroid population.

Mendelian Randomization studies which are more
resistant to confounding and reverse confounding [75]
where the life time effect of an exposure (e.g. thyroid
function) on an outcome (e.g. cardiovascular disease)
is evaluated using genetic variants associated with the
exposure as the instruments. The genetic architecture of
thyroid function is increasingly understood [7, 8] making
Mendelian Randomization an attractive research method
here. Mendelian Randomization has shown how modest
variation in thyroid status is associated with stroke and
coronary artery disease [76]. Mendelian Randomization
studies also can show mechanistic insight, a recent study
demonstrated that the well-known association between
variation in thyroid function and atrial fibrillation is for
an important part mediated by height [77].

Thyroid function in older individuals

The global population is aging at unprecedented rates
driven by increasing life expectancy [26]. By the year
2050, it is estimated that 16% of the world population
will be aged 65years and over [26]. The prevalence of thy-
roid dysfunction increases with age and older individu-
als with thyroid dysfunction suffer significant morbidity
and quality of life impairment [22]. Hyperthyroidism in
the elderly increases the risk of osteoporosis [78], car-
diac arrhythmias, and heart failure [78, 79], while hypo-
thyroidism predisposes to coronary artery disease, lipid
disorders, and neurocognitive impairment [3]. In addi-
tion, both hyperthyroidism and hypothyroidism increase
frailty in the elderly and are associated with the develop-
ment of myopathy [80], gait disorders [81], and fractures
(10, 82].

Thyroid function variation with age
Evidence from animal and human studies show that thy-
roid function declines with age [23]. The hypothalamic
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pituitary thyroid axis is altered with age and older indi-
viduals have been shown to exhibit a blunted TSH
response to thyroid hormone deficiency [4, 23]. It
has also been postulated that TSH bioactivity may be
reduced with aging or that the thyroid may be less sen-
sitive to TSH [83]. Studies in rats show reduced thyroid
hormone secretion and reduced tissue expression of
thyroid hormones in the liver and kidney [84]. In addi-
tion, hepatic expression of the deiodinase enzyme, DIO1,
and the mono-carboxylate transporter (MCT-8) are
reduced while DIO3 expression is increased [85, 86].
These changes appear to be tissue specific as pituitary
expression of DIO1, DIO2, and triiodothyronine (T3)
are increased while muscle and brain DIO3 expression
remains unchanged or reduced [84].

Cross-sectional studies

Several large cross-sectional studies in iodine-replete
thyroid disease-free populations have reported higher
TSH concentrations in older individuals (Fig. 3), [15, 17,
87, 88]. The National Health and Nutrition Examination
Survey (NHANES) III reported an age-related increase in
TSH with the 97.5 centile exceeding 7.0 mIU/L in individ-
uals aged over 80years [15, 87]. These studies also show
that the reference range becomes wider as age increases,
with lower 2.5 centiles in the older age groups (Fig. 3).
However, not all studies have confirmed these changes.
Studies from Holland [89], India [90], Germany [91],
China [92] as well as older data from Italy [93] and the
UK Whickham community survey failed to show TSH
elevations with age. However, variation in antibody status
and inclusion of individuals with TPO antibody positiv-
ity, will influence results and ranges In these studies.

The reasons for these discrepancies are unclear but
may be related to differences in cohort selection, ana-
lytical factors, iodine nutrition, and the genetic charac-
teristics of participants. The TSH assays used in older
surveys were less sensitive than current assays making
direct comparisons unreliable. Environmental iodine sta-
tus influences the TSH reference intervals with higher
97.5 centiles in areas with normal or excess iodine nutri-
tion compared to iodine deficient areas [92]. Studies in
populations with iodine deficiency have failed to show
an increase in TSH [91, 93-95]. A study in elderly Dutch
men showed no age-related changes in TSH and FT4
but reported lower FT3 levels together with an increase
in reverse T3 (rT3) with age [89]. Regarding genetic fac-
tors, up to 67% of the circulating TSH and thyroid hor-
mone concentrations are genetically determined [6] and
several candidate genes have been implicated including
the genes for phosphodiesterase 8B, DIO1, and the TSH
receptor [96].
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Fig. 3 TSH reference intervals by age. Change in TSH reference ranges with age based on data from The National Health and Nutrition Examination
Survey (NHANES) (a, reference 15) and the Thyroid Epidemiology, Audit and Research Study (TEARS) (b, reference 17)

Longitudinal studies

A number of longitudinal studies have provided use-
ful information on the natural history of thyroid func-
tion with aging (Table 2) [97-101]. Two of these studies
showed an increase in TSH levels with age. The first,
a study of 908 individuals in the Busselton health sur-
vey, showed that TSH levels increased after a 13-year
period but with no significant change in FT4 [97]. The
second study was an analysis of thyroid function in the

Cardiovascular Health Study All-Stars Study which
showed a TSH increase of 13%, FT4 increase of 1.7%,
and a 13% fall in total T3 concentrations over a 13-year
period [98]. Three other longitudinal studies in contrast
did not confirm age-related TSH increases [99-101]. A
longitudinal analysis of 9402 participants from the Rot-
terdam study showed no change in TSH but an increase
was observed for FT4 concentrations after 6.5years
of follow up [99]. In a 5-year follow up study of 2936

Table 2 Longitudinal studies of thyroid function in adults and elderly

Author and year Cohort and country Number Mean Follow Assay Used Key findings
age, up
years years
Bremner, 2012 [97] Busselton health survey, 908 46 13 Immulite 2000 chemilumines- ~ Mean TSH increased from 1.49
Australia cent analyzer (Siemens) to 1.81 mlU/L; No change in
FT4
Waring, 2012 [98] Cardiovascular Health Study 843 85 13 Elecsys 2010 analyzer (Roche) Mean TSH increased from 2.60
All-Stars Study, USA to 2.94 mIU/L; FT4 increased
from 1.20 to 1.22 pmol/I; Total
T3 decreased from 116.9 to
102.0pmol/I
Chaker, 2016 [99] The Rotterdam study, Neth- 1225 67 6-5 electrochemiluminescence No change in TSH; FT4
erlands immunoassay, “ECLIA" (Roche) increased by a mean of
4.5pmol/L
Mammen, 2017 [100] Baltimore Longitudinal Study 640 66 7 immunoassay Vista No change in means of TSH,
of Aging, USA Chemiluminescence,(Siemens)  FT4, and FT3. Changes in
TSH more common in older
participants
Roberts, 2018 [101]  Birmingham Elderly Thyroid 2936 77 5 electrochemiluminescence No change in TSH or FT4.

Study, UK immunoassay, “ECLIA" (Roche)
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participants from the UK Birmingham Elderly Thyroid
Study, TSH was shown to be stable over time with 96%
of euthyroid individuals (TSH<4.5 mIU/L) remaining
euthyroid at follow up [101].

In the third study, Mammen and colleagues followed up
640 participants over an average period of 7years in the
Baltimore Longitudinal Study of Aging [100]. Although
mean TSH was higher in older individuals at baseline,
the TSH remained stable in the majority of participants.
Time-related changes were more common in older indi-
viduals, associated with decreased survival and showed a
heterogeneous pattern of change that included progres-
sion to primary thyroid disease as well as non-patholog-
ical TSH elevations [100]. While the differences in these
studies are difficult to reconcile, it is worth noting that
negative studies had shorter follow up periods (5-7 years)
compared to positive studies (13 years). Taken together,
these data suggests that thyroid status may decline in
some older individuals, at least in iodine-replete Cauca-
sian populations. However, the consistency of this decline
across older populations will require further study.

Implications of thyroid function variation in the elderly

There is evidence that age-related changes in thyroid
function serve as an adaptive mechanism with beneficial
long-term consequences. Animal studies show negative
correlations between thyroid hormone levels and longev-
ity, with the longest survival observed in mice with lower
thyroid hormone levels [102]. Epidemiological studies
confirm survival advantages, both for low thyroid hor-
mones and high TSH levels within the normal reference
range [103, 104]. Studies in the oldest centenarians indi-
cate that individuals with genetically higher TSH concen-
trations have enhanced longevity [105]. In addition, older
adults with low-normal FT4 exhibit better mobility and
fitness levels compared to those with normal FT4 [106].
A large individual-patient data meta-analysis also identi-
fied that high TSH levels within the normal population
range was associated with a lower risk of stroke [107]. In
addition, elderly persons with the lowest TSH tertile at
baseline had more concurrent depressive symptoms and
were at two-fold increased risk of subsequent depression
than those with the highest tertile [108].

It is unclear whether the apparent survival benefit asso-
ciated with lower thyroid status is due to a change in thy-
roid status in the elderly, survivor bias, or an indication of
mild thyroid failure due to longevity or late auto-immu-
nity as the presence of TPO antibody positivity increases
with age [22]. This distinction is important because
a change in thyroid status has clear implications for
acceptable thyroid function and treatment targets in the
elderly. In the absence of age-stratified reference inter-
vals, individuals with age-related changes in TSH could
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be misdiagnosed as thyroid dysfunction and exposed to
potentially harmful treatments. Analysis of the NHANES
data estimated that 70% of older patients with TSH above
the laboratory reference interval had values within their
age-specific reference brackets [16]. However, it is worth
noting that some studies have shown a more nuanced
pattern of change with progression to thyroid failure and
non-pathological TSH elevations in equal proportions
[100]. TPO antibody positivity is unlikely to tbe the sole
explanation for higher TSH levels in the elderly as the
NHANES study identified that only 40% of the elderly
with a TSH above 4.5mU/L were TPO antibody positive
[16] A study from Western Australia suggested that age-
specific TSH reference intervals exerted only a negligible
impact on the diagnosis of thyroid dysfunction in the
elderly population [109]. In this study, only about 1-2%
of individuals aged over 65years were misclassified using
the general adult reference intervals [109].

Thus, the need for age-specific reference intervals
should be population-specific and should be based on
data generated locally or extrapolated from a compat-
ible population in terms of iodine nutrition and ethnic-
ity. Whether age-specific treatment targets are required
for individuals on thyroid hormone replacement also
merits consideration. If the TSH increase in the elderly
is indeed beneficial, then it is plausible that older indi-
viduals are over-treated by aiming for lower reference
range TSH values. Also, Levothyroxine affects the T3:T4
ratio and individuals on levothyroxine have relatively low
FT3: FT4 ratios [110]. Studies assessing the effects of age
on the T3:T4 ratio, and its consequences on well-being
would be particularly welcome given the large numbers
of individuals on thyroid hormone replacement. Genetic
association studies using variation in DIO1 which is asso-
ciated with FT3:FT4 ratio but not TSH [111, 112] may
also provide insights.

It is also important to briefly mention macroTSH,
which may cause of 1% of cases of SCH. It is a rare condi-
tion caused by binding of TSH to plasma proteins, usu-
ally immunoglobulins which results in falsely elevated
TSH measurements but normal T3 and T4 levels and
may lead to inappropriate LT4 treatment [113]. Whilst
rare, macroI'SH is thought to be more common in the
elderly and therefore will have a greater relative effect in
this group [114].

Lastly, there are implications for the design of future
trials in subclinical hypothyroidism. Such trials will
need to consider age-appropriate definitions of thyroid
dysfunction so as to exclude individuals with non-path-
ological TSH elevation. The differential effect of age on
TSH reference intervals may to some extent explain the
discrepancies seen in the outcomes of existing trials. A
2008 meta-analysis by Razvi et al showed that subclinical
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hypothyroidism was associated with increased risk of
cardiovascular mortality in studies conducted in younger
(<65years) populations but not in studies in older indi-
viduals (>65years) [115]. Likewise, trials of levothyroxine
therapy in elderly individuals with mild subclinical hypo-
thyroidism have not shown clinical benefits [18, 57] and
it is plausible that TSH elevations in these individuals did
not represent intrinsic thyroid failure.

Consideration of immunoassay interference and clinical
implications

It is worth highlighting that whilst immunoassay plat-
forms are currently the method of choice for the meas-
urement of thyroid function tests [116], there are
limitations; as well as macro-TSH, interference from
biotin, thyroid hormone autoantibodies, heterophilic
antibodies, antistreptavidin antibodies, anti-ruthenium
antibodies, and heterophilic antibodies can occur [116].
The prevalence of some of these conditions has been
reported to approach 1% and given the frequency of
thyroid function testing [117] this may impact numerus
individuals. Care needs to be taken therefore if results are
inconsistent with a patient’s clinical picture.

Conclusion
In this review, we have highlighted considerable age-
related variation in thyroid function reference intervals
over the course of life. In iodine sufficient populations,
longitudinal changes in TSH are U-shaped, with higher
TSH levels observed at the extremes of life. FT3 on the
other hand falls with age and appears to play a role in
pubertal development. Furthermore, there is a differen-
tial effect of aging on the health consequences of thy-
roid hormone variations. Declining thyroid function
in the elderly may confer survival advantages whereas
younger individuals with low-normal thyroid status have
an increased risk of adverse atherogenic and cardiovas-
cular outcomes. These findings support the need for
age-appropriate thyroid hormone reference intervals.
However, further studies will be needed to confirm spe-
cific patterns of change in different populations. In addi-
tion, trials of subclinical hypothyroidism are needed in
younger individuals as the observations in older individu-
als cannot be extrapolated to the younger population.
Lastly, the current evaluation of thyroid function based
on circulating TSH and thyroid hormones are imperfect,
and more specific biomarkers of tissue hypothyroidism
[118] are needed. There is evidence that TSH normalisa-
tion does not necessarily optimise tissue thyroid status
in individuals on levothyroxine [119]. A meta-analysis
of 65 studies that compared 1878 levothyroxine-treated
patients to 14,493 healthy controls revealed that both
total-cholesterol and LDL-cholesterol remain elevated,
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after serum TSH has been normalized [120] likely reflect-
ing lower hepatic T3 status. Given the pleiotropic effect
of thyroid hormones on metabolism and gene expression,
metabolomics and transcriptomics [121] are emerging as
attractive research targets for studying the tissue action
of thyroid hormones.

Authors’ contributions

PNT and OO wrote and drafted the original manuscript, with revisions and
additional writing and comments from AL, JW, RK, AR and CMD. All authors
reviewed the final manuscript. The authors read and approved the final
manuscript.

Funding
This article did not receive any specific funding.

Availability of data and materials
No data has been made available as it is a narrative review.

Declarations

Ethics approval and consent to participate
No ethical approval or consent to participate was required for this narrative
review.

Consent for publication
All authors provide consent for publication.

Competing interests
The authors declare no competing interests.

Author details

Thyroid Research Group Institute of Molecular and Experimental Medicine, C2
link corridor, UHW, Cardiff University School of Medicine, Heath Park, Cardiff,
UK. 2Department of Endocrinology, University Hospital of Wales, Cardiff, UK.
3Neuroscience and Mental Health Research Institute, Cardiff University School
of Medicine, Cardiff, UK. “Diabetes Department, Prince Charles Hospital, Cwm
Taf Morgannwg University Health Board, Merthyr Tydfil, UK.

Received: 27 December 2022 Accepted: 5 February 2023
Published online: 03 April 2023

References

1. Brent GA. Mechanisms of thyroid hormone action. J Clin Invest.
2012;122(9):3035-43.

2. Zambrano A, Garcia-Carpizo V, Gallardo ME, Villamuera R, Gomez-
Ferreria MA, Pascual A, et al. The thyroid hormone receptor beta
induces DNA damage and premature senescence. J Cell Biol.
2014,204(1):129-46.

3. Chaker L, Bianco AC, Jonklaas J, Peeters RP. Hypothyroidism. Lancet.
2017,390(10101):1550-62.

4. Hadlow NC, Rothacker KM, Wardrop R, Brown SJ, Lim EM, Walsh JP. The
relationship between TSH and free T(4) in a large population is complex
and nonlinear and differs by age and sex. J Clin Endocrinol Metab.
2013;98(7):2936-43.

5. Andersen S, Pedersen KM, Bruun NH, Laurberg P. Narrow individual
variations in serum T(4) and T(3) in normal subjects: a clue to the
understanding of subclinical thyroid disease. J Clin Endocrinol Metab.
2002,87(3):1068-72.

6. PanickerV, Wilson SG, Spector TD, Brown SJ, Falchi M, Richards JB, et al.
Heritability of serum TSH, free T4 and free T3 concentrations: a study of
alarge UK twin cohort. Clin Endocrinol. 2008;68(4):652-9.

7. Teumer A, Chaker L, Groeneweg S, Li Y, Di Munno C, Barbieri C, et al.
Genome-wide analyses identify a role for SLC17A4 and AADAT in
thyroid hormone regulation. Nat Commun. 2018;9(1):4455.



Taylor et al. Thyroid Research

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

(2023) 16:7

Taylor PN, Porcu E, Chew S, Campbell PJ, Traglia M, Brown SJ, et al.
Whole-genome sequence-based analysis of thyroid function. Nat Com-
mun. 2015;6:5681.

Dayan CM, Saravanan P, Bayly G. Whose normal thyroid function is
better--yours or mine? Lancet. 2002;360(9330):353.

Taylor PN, Razvi S, Pearce SH, Dayan CM. A review of the clinical conse-
quences of variation in thyroid function within the reference range. J
Clin Endocrinol Metab. 2013:98(9):3562-71.

Baloch Z, Carayon P, Conte-Devolx B, Demers LM, Feldt-Rasmussen U,
Henry JF, et al. Laboratory medicine practice guidelines. Laboratory
support for the diagnosis and monitoring of thyroid disease. Thyroid.
2003;13(1):3-126.

Wartofsky L, Dickey RA. The evidence for a narrower thyrotropin refer-
ence range is compelling. J Clin Endocrinol Metab. 2005;90(9):5483-8.
Chaker L, Korevaar TIM, Rizopoulos D, Collet TH, Volzke H, Hofman

A, et al. Defining optimal health range for thyroid function based

on the risk of cardiovascular disease. J Clin Endocrinol Metab.
2017;102(8):2853-61.

Conroy RM, Pyorala K, Fitzgerald AP, Sans S, Menotti A, De Backer

G, et al. Estimation of ten-year risk of fatal cardiovascular disease in
Europe: the SCORE project. Eur Heart J. 2003;24(11):987-1003.
Hollowell JG, Staehling NW, Flanders WD, Hannon WH, Gunter EW,
Spencer CA, et al. Serum TSH, T(4), and thyroid antibodies in the United
States population (1988 to 1994): National Health and nutrition exami-
nation survey (NHANES Ill). J Clin Endocrinol Metab. 2002;87(2):489-99.
Surks MI, Hollowell JG. Age-specific distribution of serum thyrotropin
and antithyroid antibodies in the US population: implications for the
prevalence of subclinical hypothyroidism. J Clin Endocrinol Metab.
2007;92(12):4575-82.

Vadiveloo T, Donnan PT, Murphy MJ, Leese GP. Age- and gender-specific
TSH reference intervals in people with no obvious thyroid disease in
Tayside, Scotland: the thyroid epidemiology, audit, and research study
(TEARS). J Clin Endocrinol Metab. 2013;98(3):1147-53.

Stott DJ, Rodondi N, Kearney PM, Ford |, Westendorp RG, Mooijaart

SP, et al. Thyroid hormone therapy for older adults with subclinical
hypothyroidism. N Engl J Med. 2017;376(26):2534-44. https://doi.org/
10.1056/NEJM0a1603825. Epub 2017 Apr 3.

Sawin CT, Herman T, Molitch ME, London MH, Kramer SM. Aging and
the thyroid. Decreased requirement for thyroid hormone in older hypo-
thyroid patients. Am J Med. 1983;75(2):206-9.

Del Duca SC, Santaguida MG, Brusca N, Gatto |, Cellini M, Gargano L,

et al. Individually-tailored thyroxine requirement in the same patients
before and after thyroidectomy: a longitudinal study. Eur J Endocrinol.
2015;173(3):351-7.

Jonklaas J, Bianco AC, Bauer AJ, Burman KD, Cappola AR, Celi FS, et al.
Guidelines for the treatment of hypothyroidism: prepared by the ameri-
can thyroid association task force on thyroid hormone replacement.
Thyroid. 2014;24(12):1670-751.

Taylor PN, Albrecht D, Scholz A, Gutierrez-Buey G, Lazarus JH, Dayan CM,
et al. Global epidemiology of hyperthyroidism and hypothyroidism. Nat
Rev Endocrinol. 2018;14(5):301-16.

Chaker L, Cappola AR, Mooijaart SP, Peeters RP. Clinical aspects of thy-
roid function during ageing. Lancet Diab Endocrinol. 2018;6(9):733-42.
Taylor PN, Igbal A, Minassian C, Sayers A, Draman MS, Greenwood R,

et al. Falling threshold for treatment of borderline elevated thyrotropin
levels-balancing benefits and risks: evidence from a large community-
based study. JAMA Intern Med. 2014;174(1):32-9.

Razvi S, Korevaar TIM, Taylor P. Trends, determinants, and associations
of treated hypothyroidism in the United Kingdom, 2005-2014. Thyroid.
2019;29(2):174-82.

United Nations. World population prospects. New York: United Nations;
2019.

Taylor P, Bianco AC. Urgent need for further research in subclinical
hypothyroidism. Nat Rev Endocrinol. 2019;15(9):503-4.

Korevaar TIM, Medici M, Visser TJ, Peeters RP. Thyroid disease in preg-
nancy: new insights in diagnosis and clinical management. Nat Rev
Endocrinol. 2017;13(10):610-22.

Hanley P, Lord K, Bauer AJ. Thyroid disorders in children and adoles-
cents: a review. JAMA Pediatr. 2016;170(10):1008-19.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 10 of 12

Ittermann T, Thamm M, Wallaschofski H, Rettig R, Volzke H. Serum thy-
roid-stimulating hormone levels are associated with blood pressure in
children and adolescents. J Clin Endocrinol Metab. 2012;97(3):828-34.
Witte T, Ittermann T, Thamm M, Riblet NB, Volzke H. Association
between serum thyroid-stimulating hormone levels and serum lipids in
children and adolescents: a population-based study of german youth. J
Clin Endocrinol Metab. 2015;100(5):2090-7.

Taylor PN, Sayers A, Okosieme O, Das G, Draman MS, Tabasum A, et al.
Maturation in serum thyroid function parameters over childhood

and puberty: results of a longitudinal study. J Clin Endocrinol Metab.
2017;102(7):2508-15.

Kapelari K, Kirchlechner C, Hogler W, Schweitzer K, Virgolini |, Moncayo
R. Pediatric reference intervals for thyroid hormone levels from birth to
adulthood: a retrospective study. BMC Endocr Disord. 2008;8:15.
Hubner U, Englisch C, Werkmann H, Butz H, Georgs T, Zabransky S, et al.
Continuous age-dependent reference ranges for thyroid hormones

in neonates, infants, children and adolescents established using the
ADVIA centaur analyzer. Clin Chem Lab Med. 2002;40(10):1040-7.
Ehrenkranz J, Bach PR, Snow GL, Schneider A, Lee JL, listrup S, et al.
Circadian and Circannual rhythms in thyroid hormones: determining
the TSH and free T4 reference intervals based upon time of day, age,
and sex. Thyroid. 2015;25(8):954-61.

Onsesveren |, Barjaktarovic M, Chaker L, de Rijke YB, Jaddoe VWV, van
Santen HM, et al. Childhood thyroid function reference ranges and
determinants: a literature overview and a prospective cohort study.
Thyroid. 2017;27(11):1360-9.

Argente Del Castillo P, Pastor Garcfa MI, Morell-Garcia D, Martinez-
Gomez L, Ballesteros MA, Barcelo A. Thyroid panel reference intervals in
healthy children and adolescents: a Spanish cohort. Clin Biochem. 2021.
Tozzoli R, D'Aurizio F, Metus P, Steffan A, Mazzon C, Bagnasco M. Refer-
ence intervals for thyrotropin in an area of northern Italy: the Porde-
none thyroid study (TRIPP). J Endocrinol Investig. 2018;41(8):985-94.
Lim HH. Korean pediatric reference intervals for FT4, TSH, and TPO Ab
and the prevalence of thyroid dysfunction: a population-based study.
Clin Biochem. 2017;50(18):1256-9.

Radicioni AF, Tahani N, Spaziani M, Anzuini A, Piccheri C, Semeraro A,

et al. Reference ranges for thyroid hormones in normal Italian children
and adolescents and overweight adolescents. J Endocrinol Investig.
2013;36(5):326-30.

OronT, Lazar L, Feldhamer I, Manor M, Koren-Morag N, Tenenbaum A,
et al. Pediatric reference values of TSH should be personalized accord-
ing to BMI and ethnicity. Eur J Endocrinol. 2020;183(4):419-26.
Campbell PJ, Brown SJ, Kendrew P, Lewer M, Lim EM, Joseph J, et al.
Changes in thyroid function across adolescence: a longitudinal study. J
Clin Endocrinol Metab. 2020;105(4).

Kulasingam 'V, Jung BP, Blasutig IM, Baradaran S, Chan MK, Aytekin M,
et al. Pediatric reference intervals for 28 chemistries and immunoassays
on the Roche cobas 6000 analyzer--a CALIPER pilot study. Clin Biochem.
2010;43(13-14):1045-50.

Marwaha RK, Tandon N, Desai AK, Kanwar R, Sastry A, Narang A, et al.
The evolution of thyroid function with puberty. Clin Endocrinol.
2012,76(6):899-904.

Strich D, Edri S, Gillis D. Current normal values for TSH and FT3 in
children are too low: evidence from over 11,000 samples. J Pediatr
Endocrinol Metab. 2012,25(3-4):245-8.

Gunapalasingham G, Frithioff-Bgjsee C, Lund MAV, Hedley PL, Fonvig
CE, Dahl M, et al. Reference values for fasting serum concentrations of
thyroid-stimulating hormone and thyroid hormones in healthy Danish/
north-European white children and adolescents. Scand J Clin Lab
Invest. 2019;79(1-2):129-35.

Marwaha RK, Tandon N, Desai A, Kanwar R, Grewal K, Aggarwal R, et al.
Reference range of thyroid hormones in normal Indian school-age
children. Clin Endocrinol. 2008;68(3):369-74.

Marwaha RK, Tandon N, Desai AK, Kanwar R, Aggarwal R, Sastry A, et al.
Reference range of thyroid hormones in healthy school-age children:
country-wide data from India. Clin Biochem. 2010;43(1-2):51-6.

Taylor PN, Richmond R, Davies N, Sayers A, Stevenson K, Woltersdorf W,
et al. Paradoxical relationship between body mass index and thyroid
hormone levels: a study using Mendelian randomization. J Clin Endo-
crinol Metab. 2016;101(2):730-8.


https://doi.org/10.1056/NEJMoa1603825
https://doi.org/10.1056/NEJMoa1603825

Taylor et al. Thyroid Research

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

(2023) 16:7

Xu R, Huang F, Zhang S, Lv Y, Liu Q. Thyroid function, body mass index,
and metabolic risk markers in euthyroid adults: a cohort study. BMC
Endocr Disord. 2019;19(1):58.

Weber G, Vigone MC, Stroppa L, Chiumello G. Thyroid function and
puberty. J Pediatr Endocrinol Metab. 2003;16(Suppl 2):253-7.

Oerbeck B, Sundet K, Kase BF, Heyerdahl S. Congenital hypothyroid-
ism: influence of disease severity and L-thyroxine treatment on
intellectual, motor, and school-associated outcomes in young adults.
Pediatrics. 2003;112(4):923-30.

Eligar V, Taylor PN, Okosieme OE, Leese GP, Dayan CM. Thyroxine
replacement: a clinical endocrinologist’s viewpoint. Ann Clin Bio-
chem. 2016;53(Pt 4):421-33.

Dayan C, Panicker V. Management of hypothyroidism with combina-
tion thyroxine (T4) and triiodothyronine (T3) hormone replacement
in clinical practice: a review of suggested guidance. Thyroid Res.
2018;11:1.

Surks MI, Goswami G, Daniels GH. The thyrotropin reference

range should remain unchanged. J Clin Endocrinol Metab.
2005;90(9):5489-96.

Feller M, Snel M, Moutzouri E, Bauer DC, de Montmollin M, Aujesky
D, et al. Association of Thyroid Hormone Therapy with quality

of life and thyroid-related symptoms in patients with subclini-

cal hypothyroidism: a systematic review and meta-analysis. Jama.
2018;320(13):1349-59.

Parle J, Roberts L, Wilson S, Pattison H, Roalfe A, Haque MS, et al. A
randomized controlled trial of the effect of thyroxine replacement on
cognitive function in community-living elderly subjects with subclinical
hypothyroidism: the Birmingham elderly thyroid study. J Clin Endo-
crinol Metab. 2010;95(8):3623-32.

Igbal A, FigenschauY, Jorde R. Blood pressure in relation to serum
thyrotropin: the Tromso study. J Hum Hypertens. 2006;20(12):932-6.
Asvold BO, Bjoro T, Nilsen Tl, Vatten LJ. Association between blood
pressure and serum thyroid-stimulating hormone concentration within
the reference range: a population-based study. J Clin Endocrinol Metab.
2007;92(3):841-5.

He W, Li S, Wang B, Mu K, Shao X, Yao Q, et al. Dose-response relation-
ship between thyroid stimulating hormone and hypertension risk in
euthyroid individuals. J Hypertens. 2019;37(1):144-53.

Asvold BO, Vatten LJ, Nilsen Tl, Bjoro T. The association between TSH
within the reference range and serum lipid concentrations in a popula-
tion-based study. The HUNT study. Eur J Endocrinol. 2007;156(2):181-6.
Lee YK, Kim JE, Oh HJ, Park KS, Kim SK, Park SW, et al. Serum TSH level in
healthy Koreans and the association of TSH with serum lipid concentra-
tion and metabolic syndrome. Kor J Intern Med. 2011;26(4):432-9.
Inoue K, Tsujimoto T, Saito J, Sugiyama T. Association between serum
Thyrotropin levels and mortality among Euthyroid adults in the United
States. Thyroid. 2016;26(10):1457-65.

Asvold BO, Bjoro T, Nilsen TI, Gunnell D, Vatten LJ. Thyrotropin levels and
risk of fatal coronary heart disease: the HUNT study. Arch Intern Med.
2008;168(8):855-60.

Knudsen N, Laurberg P, Rasmussen LB, Bulow |, Perrild H, Ovesen L,

et al. Small differences in thyroid function may be important for body
mass index and the occurrence of obesity in the population. J Clin
Endocrinol Metab. 2005;90(7):4019-24.

Asvold BO, Bjoro T, Vatten LJ. Association of serum TSH with high body
mass differs between smokers and never-smokers. J Clin Endocrinol
Metab. 2009;94(12):5023-7.

Fox CS, Pencina MJ, D’Agostino RB, Murabito JM, Seely EW, Pearce EN,
et al. Relations of thyroid function to body weight: cross-sectional and
longitudinal observations in a community-based sample. Arch Intern
Med. 2008;168(6):587-92.

Svare A, Nilsen T, Bjoro T, Asvold BO, Langhammer A. Serum TSH related
to measures of body mass: longitudinal data from the HUNT study,
Norway. Clin Endocrinol. 2011;74(6):769-75.

Bano A, Chaker L, Plompen EP, Hofman A, Dehghan A, Franco OH, et al.
Thyroid function and the risk of nonalcoholic fatty liver disease: the
Rotterdam study. J Clin Endocrinol Metab. 2016;101(8):3204-11.

Morris MS. The association between serum thyroid-stimulating
hormone in its reference range and bone status in postmenopausal
American women. Bone. 2007;40(4):1128-34.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

Page 11 of 12

Murphy E, Gluer CC, Reid DM, Felsenberg D, Roux C, Eastell R, et al. Thy-
roid function within the upper normal range is associated with reduced
bone mineral density and an increased risk of nonvertebral fractures in
healthy euthyroid postmenopausal women. J Clin Endocrinol Metab.
2010;95(7):3173-81.

Kim BJ, Lee SH, Bae SJ, Kim HK, Choe JW, Kim HY, et al. The association
between serum thyrotropin (TSH) levels and bone mineral density in
healthy euthyroid men. Clin Endocrinol. 2010;73(3):396-403.

Kim DJ, Khang YH, Koh JM, Shong YK, Kim GS. Low normal TSH levels
are associated with low bone mineral density in healthy postmenopau-
sal women. Clin Endocrinol. 2006;64(1):86-90.

Mazziotti G, Porcelli T, Patelli I, Vescovi PP, Giustina A. Serum TSH values
and risk of vertebral fractures in euthyroid post-menopausal women
with low bone mineral density. Bone. 2010;46(3):747-51.

Smith GD, Ebrahim S. ‘Mendelian randomization’: can genetic epide-
miology contribute to understanding environmental determinants of
disease? Int J Epidemiol. 2003;32(1):1-22.

Marouli E, Kus A, Del Greco MF, Chaker L, Peeters R, Teumer A, et al. Thy-
roid function affects the risk of stroke via atrial fibrillation: a Mendelian
randomization study. J Clin Endocrinol Metab. 2020;105(8):2634-41.
Kus A, Teumer A, Medici M. A deeper understanding of the causal
relationships between thyroid function and atrial fibrillation. J Clin
Endocrinol Metab. 2022;107(1):e429-31.

De Leo S, Lee SY, Braverman LE. Hyperthyroidism. Lancet.
2016;388(10047):906-18.

Okosieme OE, Taylor PN, Evans C, Thayer D, Chai A, Khan |, et al. Primary
therapy of Graves'disease and cardiovascular morbidity and mortality: a
linked-record cohort study. Lancet Diab Endocrinol. 2019;7(4):278-87.
Duyff RF, Van den Bosch J, Laman DM, van Loon BJ, Linssen WH.
Neuromuscular findings in thyroid dysfunction: a prospective

clinical and electrodiagnostic study. J Neurol Neurosurg Psychiatry.
2000;68(6):750-5.

Bano A, Chaker L, Darweesh SK, Korevaar Tl, Mattace-Raso FU, Dehghan
A, et al. Gait patterns associated with thyroid function: the Rotterdam
study. Sci Rep. 2016;6:38912.

Vestergaard P, Mosekilde L. Fractures in patients with hyperthyroidism
and hypothyroidism: a nationwide follow-up study in 16,249 patients.
Thyroid. 2002;12(5):411-9.

Barbesino G. Thyroid function changes in the elderly and their
relationship to cardiovascular health: a mini-review. Gerontology.
2019;65(1):1-8.

Visser WE, Bombardieri CR, Zevenbergen C, Barnhoorn S, Ottavi-

ani A, van der Pluijm |, et al. Tissue-specific suppression of thyroid
hormone signaling in various mouse models of aging. PLoS One.
2016;11(3):0149941.

Engels K, Rakov H, Zwanziger D, Moeller LC, Homuth G, Kohrle J, et al.
Differences in mouse hepatic thyroid hormone transporter expression
with age and hyperthyroidism. Eur Thyroid J. 2015;4(Suppl 1):81-6.
Silvestri E, Lombardi A, de Lange P, Schiavo L, Lanni A, Goglia F, et al.
Age-related changes in renal and hepatic cellular mechanisms associ-
ated with variations in rat serum thyroid hormone levels. Am J Physiol
Endocrinol Metab. 2008;294(6):E1160-8.

Surks MI, Boucai L. Age- and race-based serum thyrotropin reference
limits. J Clin Endocrinol Metab. 2010;95(2):496-502.

Boucai L, Surks MI. Reference limits of serum TSH and free T4 are
significantly influenced by race and age in an urban outpatient medical
practice. Clin Endocrinol. 2009;70(5):788-93.

van den Beld AW, Visser TJ, Feelders RA, Grobbee DE, Lamberts SW. Thy-
roid hormone concentrations, disease, physical function, and mortality
in elderly men. J Clin Endocrinol Metab. 2005;90(12):6403-9.

Marwaha RK, Tandon N, Ganie MA, Mehan N, Sastry A, Garg MK, et al.
Reference range of thyroid function (FT3, FT4 and TSH) among Indian
adults. Clin Biochem. 2013;46(4-5):341-5.

Volzke H, Alte D, Kohlmann T, Ludemann J, Nauck M, John U, et al.
Reference intervals of serum thyroid function tests in a previously
jiodine-deficient area. Thyroid. 2005;15(3):279-85.

Guan H, Shan Z,Teng X, Li Y, Teng D, Jin Y, et al. Influence of iodine on
the reference interval of TSH and the optimal interval of TSH: results of
a follow-up study in areas with different iodine intakes. Clin Endocrinol.
2008;69(1):136-41.



Taylor et al. Thyroid Research

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

M.

12,

(2023) 16:7

Mariotti S, Barbesino G, Caturegli P, Bartalena L, Sansoni P, Fagnoni F,

et al. Complex alteration of thyroid function in healthy centenarians. J
Clin Endocrinol Metab. 1993;77(5):1130-4.

Hoogendoorn EH, Hermus AR, de Vegt F, Ross HA, Verbeek AL, Kieme-
ney LA, et al. Thyroid function and prevalence of anti-thyroperoxidase
antibodies in a population with borderline sufficient iodine intake:
influences of age and sex. Clin Chem. 2006;52(1):104-11.

Knudsen N, Jorgensen T, Rasmussen S, Christiansen E, Perrild H. The
prevalence of thyroid dysfunction in a population with borderline
jodine deficiency. Clin Endocrinol. 1999;51(3):361-7.

Panicker V. Genetics of thyroid function and disease. Clin Biochem Rev.
2011;32(4):165-75.

Bremner AP, Feddema P, Leedman PJ, Brown SJ, Beilby JP, Lim EM, et al.
Age-related changes in thyroid function: a longitudinal study of a
community-based cohort. J Clin Endocrinol Metab. 2012;97(5):1554-62.
Waring AC, Arnold AM, Newman AB, Buzkova P, Hirsch C, Cappola AR.
Longitudinal changes in thyroid function in the oldest old and survival:
the cardiovascular health study all-stars study. J Clin Endocrinol Metab.
2012;,97(11):3944-50.

Chaker L, Korevaar TI, Medici M, Uitterlinden AG, Hofman A, Dehghan A,
et al. Thyroid function characteristics and determinants: the Rotterdam
study. Thyroid. 2016;26(9):1195-204.

Mammen JS, McGready J, Ladenson PW, Simonsick EM. Unstable thy-
roid function in older adults is caused by alterations in both thyroid and
pituitary physiology and is associated with increased mortality. Thyroid.
2017;27(11):1370-7.

Roberts L, McCahon D, Johnson O, Haque MS, Parle J, Hobbs FR. Stabil-
ity of thyroid function in older adults: the Birmingham elderly thyroid
study. Br J Gen Pract. 2018;68(675):e718-26.

Bowers J, Terrien J, Clerget-Froidevaux MS, Gothie JD, Rozing MP, Wes-
tendorp RG, et al. Thyroid hormone signaling and homeostasis during
aging. Endocr Rev. 2013;34(4):556-89.

Gussekloo J, van Exel E, de Craen AJ, Meinders AE, Frolich M, Westen-
dorp RG. Thyroid status, disability and cognitive function, and survival
in old age. Jama. 2004,292(21):2591-9.

Pearce SH, Razvi S, Yadegarfar ME, Martin-Ruiz C, Kingston A,

Collerton J, et al. Serum thyroid function, mortality and disability in
advanced old age: the Newcastle 85+ study. J Clin Endocrinol Metab.
2016;101(11):4385-94.

Atzmon G, Barzilai N, Hollowell JG, Surks MI, Gabriely I. Extreme longev-
ity is associated with increased serum thyrotropin. J Clin Endocrinol
Metab. 2009,94(4):1251-4.

Simonsick EM, Chia CW, Mammen JS, Egan JM, Ferrucci L. Free Thyrox-
ine and functional mobility, fitness, and fatigue in Euthyroid older men
and women in the Baltimore longitudinal study of aging. J Gerontol A
Biol Sci Med Sci. 2016;71(7):961-7.

Chaker L, Baumgartner C, den Elzen WPJ, Collet T-H, lkram MA, Blum
MR, et al. Thyroid function within the reference range and the risk of
stroke: an individual participant data analysis. J Clin Endocrinol Metab.
2016;101(11):4270-82.

Medici M, Direk N, Visser WE, Korevaar T, Hofman A, Visser TJ, et al.
Thyroid function within the normal range and the risk of depres-

sion: a population-based cohort study. J Clin Endocrinol Metab.
2014,99(4):1213-9.

Kahapola-Arachchige KM, Hadlow N, Wardrop R, Lim EM, Walsh JP. Age-
specific TSH reference ranges have minimal impact on the diagnosis of
thyroid dysfunction. Clin Endocrinol. 2012;77(5):773-9.

Gullo D, Latina A, Frasca F, Le Moli R, Pellegriti G, Vigneri R. Levothy-
roxine monotherapy cannot guarantee euthyroidism in all athyreotic
patients. PLoS One. 2011;6(8):e22552.

PanickerV, Cluett C, Shields B, Murray A, Parnell KS, Perry JR, et al. A
common variation in Deiodinase 1 gene DIO1 is associated with the
relative levels of free Thyroxine and Triiodothyronine. J Clin Endocrinol
Metab. 2008;93(8):3075-81.

Taylor PN, PanickerV, Sayers A, Shields B, Igbal A, Bremner AP, et al. A
meta-analysis of the associations between common variation in the
PDE8B gene and thyroid hormone parameters, including assessment
of longitudinal stability of associations over time and effect of thyroid
hormone replacement. Eur J Endocrinol. 2011;164(5):773-80.

Larsen CB, Petersen ERB, Overgaard M, Bonnema SJ. Macro-TSH: a
diagnostic challenge. Eur Thyroid J. 2021;10(1):93-7.

114.

115.

117.

120.

121.

Page 12 of 12

Hattori N, Ishihara T, Shimatsu A. Variability in the detection of

macro TSH in different immunoassay systems. Eur J Endocrinol.
2016;174(1):9-15.

Razvi S, Shakoor A, Vanderpump M, Weaver JU, Pearce SH. The influ-
ence of age on the relationship between subclinical hypothyroidism
and ischemic heart disease: a metaanalysis. J Clin Endocrinol Metab.
2008;93(8):2998-3007.

Favresse J, Burlacu M-C, Maiter D, Gruson D. Interferences with thyroid
function immunoassays: clinical implications and detection algorithm.
Endocr Rev. 2018;39(5):830-50.

Taylor PN, Igbal A, Minassian C, et al. Falling threshold for treatment of
borderline elevated thyrotropin levels—balancing benefits and risks:
evidence from a large community-based study. JAMA Intern Med. 2013.
Bianco AC, Casula S. Thyroid hormone replacement therapy: three
'simple’ questions, complex answers. Eur Thyroid J. 2012;1(2):88-98.
Peterson SJ, McAninch EA, Bianco AC. Is a Normal TSH synonymous
with "Euthyroidism" in levothyroxine Monotherapy? J Clin Endocrinol
Metab. 2016;101(12):4964-73.

McAninch EA, Rajan KB, Miller CH, Bianco AC. Systemic thyroid
hormone status during levothyroxine therapy in hypothyroid-

ism: a systematic review and meta-analysis. J Clin Endocrinol

Metab. 2018;103(12):4533-42. https://doi.org/10.1210/jc.2018-01361.
Pietzner M, Kacprowski T, Friedrich N. Empowering thyroid hormone
research in human subjects using OMICs technologies. J Endocrinol.
2018;238(1):R13-29.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1210/jc.2018-01361

	Age-related variation in thyroid function – a narrative review highlighting important implications for research and clinical practice
	Abstract 
	Background 
	Main text 
	Conclusion 

	Introduction
	Methods
	Thyroid function in children
	TSH reference intervals in children
	FT4 and FT3 reference intervals in children

	Thyroid function in the general adult population
	Implications of thyroid hormone variation within the normal reference range

	Thyroid function in older individuals
	Thyroid function variation with age
	Cross-sectional studies
	Longitudinal studies
	Implications of thyroid function variation in the elderly

	Consideration of immunoassay interference and clinical implications

	Conclusion
	References


