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In recent years evidence has accumulated supporting a revised view of the nature of
euthyroidism and the biomarkers of thyroid function. Within the normal range, variations in
thyroid hormone levels are associated with variations in clinical parameters and outcomes.
There are therefore no readily identified individually specific optimum levels of thyroid
hormones for any individual. Levels around the middle of the normal population range may
best reflect euthyroidism. These levels may have evolutionary advantages on the basis
that adverse outcomes often increase with divergence from such levels, and physiological
processes tend to minimise such inter-individual and intra-individual divergence. In
populations of predominantly untreated individuals, levels of thyroid hormones and in
particular levels of free thyroxine (FT4) correlate more often with clinical parameters than
do levels of thyrotropin (TSH). Levels of thyroid hormones may therefore be regarded as
the best available biomarkers of euthyroidism and dysthyroidism. It follows that
‘subclinical hypothyroidism’ (normal FT4/raised TSH levels), rather than being an
accurate marker of peripheral tissue hypothyroidism is more a marker of decreased
thyroid reserve and prognosis. The recent evidence suggests that treatment of
hypothyroxinemia, regardless of the TSH level, and monitoring therapy using FT4 and/
or triiodothyronine levels, depending on the replacement regime, may result in more
successful treatment of hypothyroidism than relying on thyrotropin levels for patient
selection and subsequent treatment monitoring. The equivalents of mid-range levels of
thyroid hormones (especially FT4), adjusted by individual comorbidity concerns, may be
rational general replacement targets. These implications of the new evidence may create
opportunities for novel trials of thyroid replacement therapy.
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INTRODUCTION

Since publication of the last American Thyroid Association
guidelines (1) regarding hypothyroidism in 2014 there have
been advances in the understanding of the fundamental aspects
of thyroid action and regulation enabling reconsideration of the
entity of euthyroidism in terms of its nature and biomarkers. In
turn this has relevance to the diagnosis and management of
patients with hypothyroidism.

Thyroid hormone is essential for normal development,
growth, neural differentiation, and metabolic regulation in
mammals (2). Thyroid hormone regulates a wide range of
genes after its activation from thyroxine to triiodothyronine
(2). At the cellular level the signalling pathway is complex and
highly regulated due to the expression of cell and tissue-specific
thyroid hormone transporters, multiple thyroid hormone
receptor isoforms and interactions with corepressors and
coactivators (2). In addition, non-genomic actions of thyroid
hormone have been recognised (2).

The control of thyroid function and thyroid hormone levels is
principally effected by the classical pituitary- thyroid feedback
loop and the hypothalamic- thyroid feedback loop, these loops
constituting the hypothalamic-pituitary-thyroid axis (3). There
are additional feedback loops and other mechanisms
contributing to thyroid hormone control and homeostasis (3).

Thyroid function tests (TFTs) include levels of thyrotropin
(TSH), free thyroxine (FT4) and free triiodothyronine (FT3) (4).
TFTs indicating hypothyroidism include elevated levels of TSH
(unless the hypothyroidism is secondary) (4), low levels of FT4,
and, if the hypothyroidism is more severe, low levels of FT3 (4-
6). Tests indicating hyperthyroidism include low levels of TSH
(unless the hyperthyroidism is secondary), and elevated levels of
FT4 and/or FT3 levels (4).

Euthyroidism has previously been understood as being
represented by a range of TFTs narrower than the population
normal range, specific to each individual, set genetically, and that
within this range each individual has an optimal exposure to
thyroid hormones (1, 3, 7, 8). Despite some discrepancies (1) and
objections (9), TSH levels have been regarded as the most
sensitive of the TFTs (1, 2, 10, 11). Consequently, TSH levels
have been promoted as the first and perhaps only necessary test
for euthyroidism (11, 12), i.e., with some exceptions the
understanding has been that a normal TSH implies
euthyroidism and an abnormal TSH implies dysthyroidism. In
the context of an abnormal TSH level subsequent measurement
of the thyroid hormone levels has allowed classification of the
dysthyroidism (4). The combination of normal thyroid hormone
levels with abnormal TSH levels has been regarded as indicative
of subclinical thyroid dysfunction (4).

Analogously, the management of patients’ replacement
therapy for hypothyroidism (except for the small subset of
secondary hypothyroidism) has been directed to target TSH
levels (1, 11, 13, 14).

This paradigm has continued despite there being no empiric
evidence that TSH levels are in fact the best guide to the thyroid
state of peripheral tissues (as distinct from the thyroid state of the
pituitary), or the best guide to successful replacement therapy of

hypothyroidism. The pre-eminence of TSH levels has been a
‘given’, supported mostly by theoretical argument.

This review concerns these fundamental concepts in
thyroidology. Different schools of thought and controversies
are covered, and research gaps and potential developments are
identified. In particular, we review the evidence indicating that
previous concepts regarding euthyroidism, and the emphasis on
TSH levels may no longer be sustained. We describe the evidence
indicating that there are no such entities as ‘individual
euthyroidism’ or thyroid set points and that euthyroidism is a
more subtle concept whereby all levels of thyroid hormones are
associated with different risk profiles such that no levels are
readily identified as optimal for any individual. We also describe
the evidence indicating that TSH levels may not be the best guide
to the thyroid state and thereby not the best biomarkers of
euthyroidism, being inferior in this regard to thyroid hormone
levels and in particular to FT4 levels. We describe the
inconsistencies in the theoretical rationale used to support the
use of TSH levels for the assessment of the thyroid state. Finally,
we indicate the relevance of all this evidence to, the definition of
successful clinical diagnosis and management of patients with
hypothyroidism, and the design of future clinical trials.

EUTHYROIDISM

The traditional view of euthyroidism is that each healthy
individual’s normal TFTs represent a state of euthyroidism for
that individual-i.e., a state whereby organs and tissues are exposed to
optimal levels of thyroid hormones (1, 3, 8, 9). Implicit in this
concept is that all organs and tissues of an individual tend to have
similar requirements and that interindividual variation in the levels
of TFTs indicating euthyroidism reflects variation in sensitivity to
thyroid hormones.

However, multiple studies indicate that TFT variation within
the normal range is associated with a variety of physiological and
clinical parameters (15, 16). Well studied examples of outcomes
associated with high normal TFTs (high normal thyroid
hormone levels/low normal TSH levels) include atrial
fibrillation (17, 18), low bone density (19, 20), cancer (21, 22),
dementia (23) adverse pregnancy outcomes (24) and death (25,
26). Examples of outcomes associated with low normal TFTs
(low normal thyroid hormone levels/high normal TSH levels)
include fatty liver (27, 28), metabolic syndrome (29, 30) diabetes
(31, 32), BMI (33, 34) and again, adverse pregnancy outcomes
(35, 36). In some circumstances the relationship may be U-
shaped (37). It may be that the associations with high normal
TFTs are stronger or more likely to be causal whereas the
associations with lower levels of TFTs may be more affected by
reverse causation (38) or the effect of a more fundamental entity
resulting in thyroid dysfunction and the relevant clinical
parameter (39).

Supporting a causal link of the associations is the fact that the
direction of these risks tend to follow the direction of risk
associated with overt thyroid dysfunction. For example, the
increase in risk of atrial fibrillation with increasing TFTs
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within the normal range reflects the well-recognised association
of overt hyperthyroidism with atrial fibrillation. Also supporting
a causal link is that some outcomes (for both low- and high-
normal thyroid function) have been studied prospectively, the
thyroid state pre-dating the appearance of the relevant clinical
parameter (23, 25, 26, 32, 35, 36).

These associations of clinical outcomes with normal range
function occur in individuals who are otherwise asymptomatic
and therefore TFTs might be regarded as risk factors akin to
cardiovascular risk factors. However, in the case of any variation
in thyroid function some risks increase as others decrease.

The magnitude of the risks associated with variation within
the normal range of thyroid function is not necessarily small
(40). It can approximate and in some circumstances even exceed
traditional risk factors (18, 21).

The gradation of the various risks within the normal range is
thus evidence that the inter-individual variation in TFT’s does
not represent a form of compensation whereby thyroid
hormones are adjusted physiologically to suit the particular
tissue sensitivity of each individual. Further evidence for this is
found in the population correlations between FT4 and TSH
levels. If individuals with higher levels of FT4 required such levels
to be euthyroid on account of a relative peripheral tissue
insensitivity to FT4 these higher levels of FT4 would need to
be driven by some type of set point physiology whereby the
thyroid state of the peripheral tissues (or at least of the
hypothalamus-pituitary) was monitored (41), or alternatively,
by matching central resistance to thyroid hormone resulting in
higher TSH levels. In the presence of set point physiology the
population FT4/TSH correlation would be positive (42).
Similarly with central and peripheral thyroid hormone
resistance relatively high FT4 levels would be accompanied by
relatively high TSH levels again resulting in a positive correlation
between FT4 and TSH in the population. These putative
mechanisms are however denied by the empiric correlation
which is in fact strongly negative across all ranges of thyroid
function (43, 44). This negative relationship indicates that
individuals with high-normal levels of FT4 tend to have
thyroid glands relatively sensitive to TSH stimulation rather
than tissues relatively insensitive to FT4.

It follows from this gradation of risks across the normal range
that rather than there being a dichotomy of euthyroid and
dysthyroid levels of TFTs, there is a continuum of chance of
thyroid hormone related outcomes associated with variation in
TFTs (40). Any individual’s particular TFTs are associated with a
particular risk profile of a number of outcomes and any change to
these levels results in some risks increasing and others decreasing.

It is therefore difficult to define levels of TFTs that are truly ideal
or best possible for any individual. And even if there were at a point
in time levels that on balance offered the best chances of ongoing
health for any individual, any change in non-thyroid related
pathophysiology might then render these levels disadvantageous.

This conception of the variation in risk associated with
variation within the normal range is not unique to thyroid
physiology with similar concepts applying to adrenal and sex
hormone physiology (45, 46).

Given that all levels of thyroid function are associated with
risks and benefits, it follows that there is in particular no need to
consider that any hypothyroid individual’s usual pre-morbid
thyroid hormone levels were necessarily especially euthyroid.

On the other hand, physiological processes such as TSH
autoregulation (47), and FT4/TSH feedback regulation (48) act
to minimise inter-individual and intra-individual variation in
TFTs, such that these levels cluster around the middle of the
population range (49). This would suggest that there are
evolutionary advantages to such levels. Furthermore, risks of
adverse outcomes and the likelihood of symptoms tend to
increase as TFTs increasingly diverge from mid-range levels
(38). Thus, the normal population range of TFTs, and
particularly mid-range levels, can reasonably be considered to
reflect euthyroidism. Levels at the edges of the normal range
might be considered to reflect borderline thyroid function. The
indication for replacement therapy therefore increases the more
TFTs diverge from midrange levels.

THE BEST BIOMARKER OF
EUTHYROIDISM IS FT4

The assessment of thyroid function and thereby the definition of
euthyroidism relies on biochemical thyroid function testing (1,
11, 12). Possible alternative biomarkers to assess the supply of the
organism with thyroid hormones include a variety of
physiological variables sensitive to thyroid hormones, such as
resting heart rate and other determinants of cardiac output (3),
Achilles’ tendon relaxation time (50), plasma levels of lipids (50)
and other parameters. However, tissue biomarkers of thyroid
hormone action are not recommended for routine clinical use,
outside of the research setting, since these parameters are not
sensitive, specific, readily available, or standardized (1, 3, 50).
Similarly, patients’ symptoms, whether physical or psychological,
though of some value (51) lack sensitivity and specificity (1, 50).

On account of the relative variations in, and/or lack of
independence between, the curves describing the TSH
responses to FT4 and T3, and the curves describing the FT4
and T3 responses to TSH (52) there is a strong, negative
population correlation in the population between FT4 and
TSH (43, 44), and between T3 and TSH (53). Therefore, any
relationships between TSH and clinical parameters tend to be
similar to those between FT4 or FT3 and clinical parameters but
in the opposite direction. Nevertheless, recent work has now
provided evidence indicating how FT4, FT3 and TSH compare in
the assessment of the thyroid state of peripheral tissues and
thereby how they compare as markers of euthyroidism.

We have performed a meta-analysis of studies recording
associations of clinical parameters with TSH, FT4 and T3/FT3
levels taken simultaneously (38). T3 or FT3 had been analysed in
different studies but the results were analysed together in this
meta-analysis as there were relatively few studies of each. Clinical
parameters included those related to low bone density, cardiac
disease, cancer, dementia, frailty, metabolic syndrome, mortality,
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and pregnancy. Overall, there were overwhelmingly more
associations of clinical parameters with FT4 and FT3/T3 levels
than with TSH levels (p< 0.0001). Despite the historical
preference for TSH levels no clinical parameters associated
better with TSH levels than with FT4 and T3/FT3 levels. The
superior associations with FT4 in particular were universal when
the data was analysed according to clinical parameter, size of
study and number of covariates. The associations with FT4 were
more robust than those of T3/FT3 and persisted when the data
was analysed for possible reverse causation.

Other meta-analyses restricted to single clinical outcomes (17,
54, 55) have shown similar results, as have subsequent studies
(56). Previous authors had commented on the apparent
superiority of thyroid hormones, but some had believed their
results may have been discrepant or isolated to their studied
parameter (30, 34). It has however previously been suggested that
TSH may be more a marker of the pituitary status than that of
peripheral tissues (40).

Given that the clinical thyroid state is a sum of clinical
parameters, and that in the above studies, no clinical
parameter associated better with TSH levels than thyroid
hormone levels, and that one of the examined parameters was
mortality, there is strong evidence against the proposition that
TSH levels provide the best guide to the thyroid state of
peripheral tissues. The evidence strongly suggests FT4 levels
are the best single biomarkers of euthyroidism. The
measurement of FT4 levels rather than TSH levels as well as
being a better general test for euthyroidism also covers the
possibility of secondary thyroid dysfunction that might be
missed with screening TSH testing (57).

Despite the evidence showing that FT4 is the superior
biomarker of euthyroidism, it does not follow necessarily that
in clinical practice we should merely switch from measuring TSH
levels to another single test, that of FT4 levels. The measurement
of both FT4 and FT3, or both FT4 and TSH provides more
precision still, covering the possibility of T3 toxicosis. The
measurement of TSH may provide information apart from the
state of the peripheral tissues i.e., prognostic information (58),
and an indication of the state of the thyroid gland itself. Cost-
benefit studies might inform discussion as to guidelines in
this regard.

It follows that ‘subclinical hypothyroidism’, a state of normal
FT4 levels and raised TSH levels, should be more correctly be
recognised as describing a spectrum of individuals from
euthyroidism to borderline hypothyroidism, depending on the
FT4 level. The elevation of the TSH levels signifies a healthy
compensatory homeostatic response of the hypothalamus
-pituitary mitigating any deficiency in thyroid gland function
(3,9), such that the peripheral tissues are protected to a greater or
lesser extent. Without such a rise in TSH levels one would expect
a lower level of thyroid hormones (9). Several studies have in fact
found associations of parameters with low FT4 levels but not
with subclinical hypothyroidism (36, 59-62).

The evidence indicates that borderline or subclinical
hypothyroidism would more correctly be defined by levels of
FT4 around the lower end of the range, regardless of the TSH

levels. Isolated hypothyroxinemia would then be a subset of
borderline hypothyroidism, possibly representing a mild non-
progressive form of secondary hypothyroidism (3, 63). Because
of the population correlations of FT4 and TSH levels there would
be considerable overlap of individuals with traditionally defined
subclinical hypothyroidism and individuals with borderline low
FT4 levels.

In summary, in the section ‘Euthyroidism’ we presented the
evidence that euthyroidism is a continuum and that
dysthyroidism increases with variation away from the mid-
range of thyroid function tests. In this section we presented the
evidence indicating that of the thyroid function tests, most
emphasis may be placed on FT4 levels. In terms of the
management of hypothyroidism, there is strong evidence that
potential patients too may be assessed on the basis of FT4 levels
rather than TSH levels. ‘Subclinical hypothyroidism’ is not the
most accurate classification of borderline hypothyroidism of
peripheral tissues and organs.

EUTHYROIDISM IN PATIENTS ON
REPLACEMENT THERAPY

Given that it is difficult, if at all possible, to be precise with
defining/identifying ‘individual euthyroidism’ (3) the goal of
precision for the restoration/definition of euthyroidism in the
treatment of any individual with hypothyroidism may be
unrealistic. The physiological and psychological symptoms of
untreated hypothyroidism themselves lack sensitivity and
specificity (64, 65), and attributing symptoms in borderline
cases is problematic (66). The goal of restoring complete
symptomatic health in patients with residual symptoms on
replacement therapy despite normal range TFTs with subtle
adjustments of replacement therapy in the hope of restoring
‘individual euthyroidism’ is therefore ambitious.

Rather than being associated with hormone levels appropriate
for the individual, a feeling of well-being seems to be more
associated simply with higher levels of thyroid hormones (67).
This holds to the point of ‘subclinical hyperthyroidism’ (68) but
overt hyperthyroidism results in decrements rather than further
improvement (69). The improvement in well-being with higher
levels of thyroid hormones has been associated with a slight
impairment of physical health (68). Overall, the evidence
supports attempts to improve well-being by at least lifting
thyroid hormone levels to mid-range levels, rather than relying
on reported wellbeing to assess optimal replacement therapy.

Though mid-range levels of thyroid hormones and in
particular FT4 appear to be the best indicators of euthyroidism
in the untreated state, care must be taken extrapolating this to the
monitoring of replacement therapy. The studies that showed the
superior association of FT4 with clinical parameters analysed
populations that contained relatively few individuals on
replacement therapy. There was no evidence that this sub-
group behaved differently and though by extrapolation one
would not expect this physiological property to change in the
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event of thyroid replacement therapies, further studies are
required to confirm that in patients on replacement therapy
FT4 and FT3 levels again perform better than TSH levels.

At this stage there is minimal evidence concerning the
monitoring of the thyroid state with replacement therapy.
There is evidence that monitoring TSH levels with the aim of
keeping them within range provides superior outcomes as
compared with outcomes in individuals with TSH levels
outside of this range (70, 71). Psychological outcomes have
been shown to be associated with FT4 and TSH levels in
patients on T4 replacement therapy (72). However, we are not
aware of any studies comparing a broad range of outcomes with
the monitoring of thyroid hormone levels rather than TSH levels.
This is of course not surprising as it has been assumed for
decades that TSH levels are the best indicator of the thyroid state.

Other considerations include that replacement therapies may
vary as to the hormones prescribed (1). Though replacement
with levothyroxine is generally recommended alternative
therapies include desiccated thyroid extract, liothyronine and
combinations of levothyroxine and liothyronine (73). These
different therapies result in different diurnal variation in
hormone levels and FT4:FT3 ratios in the circulation; high
ratios with levothyroxine therapy and low ratios with
desiccated thyroid extract therapy (73). Patients’ replacement
therapy may also be affected by different residual levels of thyroid
gland function (1, 48). The physiology of the thyroid FT4/TSH
feedback loop may be altered in replacement therapy and the
anticipated tissue response to levels of FT4 too may need
recalibration (9).

The general use of thyroid hormone and in particular FT4
levels as rational targets for replacement therapy for primary
hypothyroidism would unify the targets with those of secondary
hypothyroidism where already thyroid hormone levels are the
recommended parameters to monitor (1, 57).

Regardless of any changes to the method of monitoring
thyroid replacement therapy, TSH levels would remain useful
for monitoring therapy in the context of thyroid neoplasm where
a goal is to suppress TSH levels rather than restoring tissue
euthyroidism only (74).

The almost universal finding that the treatment of mild
hypothyroidism results in no significant benefit (75) stands as
evidence against the usefulness of TSH levels in diagnosis and
management in these circumstances. Most of the trials of the
treatment of mild hypothyroidism have selected patients with
sub-clinical hypothyroidism. As previously stated the evidence
indicates that this selection criterion is flawed and many such
chosen patients with levels of thyroid hormone just below the
middle of the population range would have had minimal
opportunity for improvement. Furthermore, because changes
to TSH levels are so sensitive to changes in FT4 levels,
replacement therapy to normalise TSH levels may have
resulted in only minimal changes to the FT4 levels [2 pmol/L
in the TRUST study (76)]. Treated individuals with low levels of
FT4 may thus have remained mildly hypothyroid. Many of
treated patients thus would either have not been in a position
to benefit or would have received potentially inadequate therapy.

The evolving understanding of euthyroidism and its
assessment provides the opportunity to repeat studies of the
levothyroxine treatment of mild hypothyroidism, with selection
and monitoring of patients on the basis of FT4 levels (77)
regardless of TSH levels (78). Recommendations that the
treatment of subclinical hypothyroidism be restricted to
individuals with especially high levels of TSH (79) does in fact
indirectly select patients with lower FT4 levels.

There have been few studies of treatment of hypothyroxinemia
with thyroid replacement therapy. These appear to have been
restricted to the study of cognitive outcomes in the offspring of
pregnant women (80, 81). These studies have been negative, but
they have been criticised in that they may have been
underpowered, and therapy may have been started too late in
pregnancy (1, 39).

Furthermore, the knowledge of the associations of clinical
parameters with particular levels of thyroid hormones allows for
the possible personalisation of mid-range replacement targets,
i.e., any personalisation may be better effected via FT4 levels than
the recommended TSH levels (1). For example, the associations
of the risks of dementia, death, and atrial fibrillation with higher
thyroid function, support the opinion that older individuals
might be regarded as being ‘most euthyroid’ with FT4 values
towards the lower end of the range (1, 77). Younger patients at
risk of the metabolic syndrome might do better with high normal
FT4 levels, pregnant women might be best to be midrange.
Beyond these considerations there is also scope for patient
choice in that patients might prefer a particular thyroid
replacement regimen (82) and accept the associated risks that
come with any benefits. Thus, patient characteristics may have
relevance for the selection of patients for replacement therapy
and the vigour of any such therapy (77).

Similar considerations for further research regarding
replacement therapy apply to replacement therapies other than
levothyroxine alone. In these circumstances the targets of
therapy would logically correspond to the treatment regimen
and include FT4 and/or FT3 levels as appropriate. It may be
possible by calibration studies to define, for all forms of thyroid
replacement, the hormone level equivalents of mid-range FT4
levels in untreated patients.

Though the evidence suggests that general TSH levels may
not provide the most accurate targets for thyroid replacement
therapy, it could be argued that once target hormone levels are
initially attained in an individual, maintenance of the
simultaneous TSH level in that individual presents a rational
target for subsequent follow-up. In particular this might be an
alternative to following the levels of both FT4 and FT3 in
individuals treated with both levothyroxine and liothyronine.

Given the results thus far of the treatment of subclinical
hypothyroidism, it remains possible that trials of the treatment of
borderline hypothyroidism, however defined, and attempts at
precision with thyroid replacement therapy in general, show
minimal benefit. In these circumstances possible explanations
might include that the lower and mid parts of population range
of thyroid hormone levels are satisfactory and that the
associations between borderline low thyroid hormone levels
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and clinical parameters represent reverse causation (83), result
from other factors (39), or have been falsely identified/attributed
(66). In these circumstances, treatment indications and thyroid
hormone target levels might be reduced.

Separate studies would be required for the assessment of the
value of treating mild hyperthyroidism as the associations of
clinical parameters with high normal levels of thyroid hormones
seem relatively more robust (38).

SUPPORT FOR TSH LEVELS, FT4 AND
TSH LEVELS COMBINED, AND T3 LEVELS
AS BIOMARKERS OF EUTHYROIDISM

The use of TSH levels to monitor the thyroid status are in accord
with the 2014 guidelines (1) where it is stated that “TSH has been
accepted as a robust, sensitive, and reproducible indicator of the
thyroid status. Serum TSH is thought to integrate signals from
both T4 and T3 and its dynamic relationship with these
parameters has led to its establishment as the best single test
for determining thyroid status. The logarithmic relationship
between TSH and thyroid hormones bestows sensitivity: even
if circulating T3 and T4 are in the normal range it cannot be
assumed that the subject is euthyroid. The interindividual ranges
for T3 and T4 are much broader than the individual variance,
such that measuring T3 and T4 is a suboptimal way to assess
thyroid status.’

This support for the use of TSH levels as the best biomarker
for the euthyroid state has thereby been based on a theoretical
physiological rationale and predates studies supplying the
relevant empiric data.

Despite the publication of the data indicating the superiority
of thyroid hormone levels over TSH levels there have been
ongoing publications relying on TSH levels and the concept of
subclinical hypothyroidism (84, 85). Some of these projects may
well have commenced prior to the availability of this new data
and thus relied on the dominant teachings of the time.

Otherwise however, concern has been expressed that though
serum thyroxine has a better correlation with all-cause mortality
and morbidity than serum TSH that this has limited
relevance for the management of acquired hypothyroidism or
thyrotoxicosis (13). Some of this concern relates to the fact that
most of the relevant data was derived from individuals not on
replacement therapy. Even in this situation however, it remains
demonstrated that the diagnosis of thyroid disorders, and in
particular mild thyroid dysfunction, is more accurately achieved
by the measurement of FT4 than TSH.

This review also recommended continuation of the use of
TSH assays to assess thyroid status because ‘it (TSH) is the most
specific and sensitive index of the thyroid status’. We would
argue that this is a statement both unsupported and denied by
clinical data. Finally, it is recommended that the goal of
treatment is ‘to restore the patient to his or her constitutive
status....using serum TSH concentrations, as recommended by
current societal guidelines’. As we have indicated, the available

evidence does not indicate that an individual’s constitutive status
is particularly euthyroid or that monitoring replacement therapy
with TSH levels is superior to monitoring with levels of
thyroid hormones.

Another commentary (14) has agreed that the use of a
controlling hormone (TSH) to diagnose and differentiate
thyroid disease is less than optimal but also proposed/repeated
that in the context of thyroid replacement therapy “TSH gives an
integrated answer (1) as to the adequacy of the replacement
therapy’. In particular it was proposed that the TSH level
compensates for variation in T3 levels. It was noted that the
maintenance of normal TSH levels is associated with mortality
comparable with background populations.

Certainly, at the moment further studies are required to
compare TSH levels with thyroid hormone levels in the
monitoring of thyroid replacement therapy. However, though
the studies indicating the superiority of FT4 levels included
relatively few patients on replacement therapy the results were
similar with and without their inclusion. Given that TSH levels
were previously regarded as the best indicators of the thyroid
state in the untreated state it previously followed logically that
TSH levels would be the best indicators of the adequacy of
thyroid replacement therapy. It is another matter to claim that
TSH levels are the best indicators of replacement therapy in the
presence of evidence showing that thyroid hormone levels are
superior indicators of the thyroid state in untreated individuals.
With thyroid replacement, just as in the untreated state, any TSH
level corresponds to a range of thyroid hormone levels in the
population (43, 44). Finally, with optimal thyroid replacement,
one might hope that the risk of death might be lower than that of
a background population as such a population would include
individuals with thyroid hormone levels that place them at an
increased risk of death (56, 86).

The underlying rationale of euthyroidism, thyroid action and
regulation used to support the primacy of TSH levels has
included the concept of a ‘set point’ (1, 3, 16, 87). A set point
model proposes that the body normally functions at levels of
certain parameters that are optimal, that these levels are pre-set
genetically, and that there are physiological mechanisms to
monitor the levels and correct any perturbations (41). In the
thyroid literature there are variations on this theme but in the
end there has been general agreement that each individual has
their own set point levels these levels indicating euthyroidism,
i.e., there is a narrow range of thyroid hormone levels consistent
with ‘individual euthyroidism’, which is more precise than, and
to be distinguished from, euthyroidism as defined by thyroid
hormone values lying within the population range (1, 3, 8).

Thus, there have been the concerns that individuals may have
hypothyroidism even though the thyroid hormone and in
particular TSH levels are apparently normal by virtue of such
individuals having levels that had changed but still remained in
the normal population range, i.e., their starting set-point was one
with high normal thyroid hormone levels and/or low normal
TSH levels (1, 8, 88).

Furthermore, as there is a log-linear (or similar) relationship
between FT4 and TSH (43, 44, 88) small primary changes in FT4
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levels result in larger changes in TSH levels. This relationship has
been exploited to be regarded as a rationale to rely on TSH levels
as sensitive indicators of variation from ‘individual euthyroid’
values to ‘individual dysthyroid’ values.

In the section ‘Euthyroidism’ we discussed the empiric
evidence against ‘individual euthyroidism’. We review the
theory here.

The theoretical concepts of ‘set points’ and ‘individual
euthyroidism’ have been thought to be supported by the
finding that the intra-individual variation in TFTs is less than
the interindividual variation (1, 8). But though in the presence of
a set point, the finding of a lesser intra-individual than inter-
individual range implies that the usual values of an individual
cannot reliably be predicted from a population range (89), the
converse does not necessarily apply, i.e., the presence of lesser
intra- than inter-individual variation and the inability to predict
the usual values of an individual by reference to the population
range do not imply the presence of a set point. The finding of a
lesser individual range of variation as compared with the
population range is seen with other parameters not believed to
be subject to set point physiology (90-93). Furthermore, study of
the population FT4/TSH distribution has provided evidence
against the existence of thyroid hormone set points (42).
Similar studies of other parameters have likewise indicated that
set points might not exist at all (94, 95). The stability of any
parameters, including individuals’ thyroid hormone levels
merely indicates stable equilibrium points which are not
necessarily set points (42, 96).

It is true that with primary changes to thyroid hormone levels
there are greater changes to the associated TSH levels, i.e., TSH
levels are more sensitive to a primary change in thyroid function
than are thyroid hormone levels (11, 12). However, the
combination of this relationship with the flawed concept that
each individual has a set point for thyroid hormones so as to
conclude that TSH levels are sensitive indicators of any
perturbation from the set point and thereby sensitive
indicators of a dysthyroid state (12) only perpetuates an error.

The sensitivity of TSH levels to a primary change in thyroid
hormones does not necessarily enable the detection of a
dysthyroid state. The evidence against the presence of a set
point, and the distribution of pathology within the normal
population range imply that it may be for example that an
older individual with longstanding, stable, high normal thyroid
hormone levels becomes ‘more euthyroid’ if levels drop into the
middle or even lower part of the population range, even if this
change is associated with a substantial rise in the TSH levels.

And again, this relationship of a parameter having a more
sensitive controlling hormone is seen with other parameters e.g.,
haemoglobin and calcium (97, 98), but this provides no rationale
to prefer the use of erythropoietin or parathyroid hormone levels
for the assessment as to the presence of anaemia or
hypercalcemia. Controlling hormone levels are generally used
to determine the cause of any abnormality rather than to detect/
define the abnormality (99).

There are in fact physiological reasons why TSH levels might
not be congruent with the thyroid state of peripheral tissues.

There are differences in deiodinase (87) and ubiquitinase
activities (82) centrally and peripherally affecting individual
cell response to ambient levels of thyroid hormones in the
untreated and treated (82) state. The TSH response is also a
function of thyrotrope number (100) whereas the response of
peripheral tissues is generally quantified by methods correcting
for or independent of cell number (101, 102).

In summary, as well as being inconsistent with empiric data,
the theoretical rationale used to support the use of TSH levels for
the assessment of the thyroid state may be internally flawed.

Methods of assessing euthyroidism on the basis of paired
FT4 and TSH levels have been proposed (3, 103). This move
against the emphasis on TSH levels alone, pre-dated the work
indicating the superior associations of FT4 levels, as compared
with TSH levels, with clinical parameters. The underlying
rationale has been based on physiological principles of the
appropriate secretion of TSH, leading to the description of the
physiological response curves of the FT4/TSH feedback loop,
the thyroid and pituitary response curves. The subsequent
conclusion was to accept as euthyroid any pair of FT4/TSH
values that lies within the normal ranges of the response curves.
However, it does not necessarily follow that thyroid and
pituitary response curves that in themselves are normal will
necessarily generate euthyroid values of thyroid hormones- i.e.,
a dysthyroid level of FT4 may be generated by a combination of
factors neither of which in isolation is definitely abnormal.
Furthermore, there are no empiric data supporting this
definition of euthyroidism. It has been suggested (3) that
individual euthyroidism defined by this method, i.e., ‘the two-
dimensional location of the individual equilibrium point
(setpoint)....would be the ideal target for dosing algorithms,
... for replacement therapy. But as previously discussed the
evidence indicates that there are no set points for thyroid
function (unless set points are defined identically to balance
points), and that there is no reason to regard individuals’ usual
values of TFTs as particularly ideal or as representing a guide to
replacement therapy.

T3 is the active intracellular hormone, and it has been
suggested that physiological processes act to maintain stable
plasma T3 levels (6). This phenomenon may lead to a
diminished sensitivity of T3 levels for the diagnosis of mild
hypothyroidism (5). Nevertheless in the meta-analysis of
associations with clinical parameters T3/FT3 levels were indeed
superior to TSH levels and in a crude analysis were at least as
good as FT4 levels (38). In more sophisticated analyses the
associations with FT4 levels were more robust. Animal data do
indicate that because of local factors affecting thyroid hormone
action different tissues may have different intracellular
concentrations of T3 and thereby differ in terms of “tissue-
specific thyroid status”. Therefore, though FT4 levels appear to
be the better marker for euthyroidism this may not apply for all
tissues and further studies are indicated (104).

There has been a long interest in T3 replacement therapy
complementing T4 replacement. Thus far studies have generally
been negative (105), but this has not completely quelled interest
(104). Paradoxically the goal of studying outcomes of individuals
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with different forms of thyroid replacement therapy, particularly
combinations of T4 and T3 but with similar TSH level goals (82)
implicitly pre-supposes that TSH levels alone are not the best
guide for replacement therapy.

LIMITATIONS AND QUALIFICATIONS

The above sections have described changes and recommendation
that are general. They do not cover all individuals. We describe
here some important qualifications and limitations.

Clinical assessment remains an important part of assessment
of the thyroid state. Non-thyroidal illness affecting thyroid
function is common (87). Otherwise, as well as determining
other pathophysiological states that might influence diagnosis
and treatment, it remains important to check that the clinical
state is congruent with the biochemical tests. In the context of
laboratory artifacts, the assessment of the thyroid state needs to
be individualised with co-operation between the clinician and
laboratory (106). Thyroid hormone resistance (107) as well as
laboratory artifact (106) may be misdiagnosed if reliance is only
placed on biochemical evaluation.

There may be differences in clinical parameters depending on
whether hypothyroidism is primary or secondary. Some clinical
parameters may be affected by TSH levels directly rather than by
the associated thyroid state (108, 109)

This review describes the changes to the general architecture
of thyroid physiology and the concepts of and measurement of,
euthyroidism, thyroid dysfunction and replacement therapy.
Such changes to the understanding of the basics of a system do
not invalidate true insights obtained under previous conceptions
(110). For example, in terms of thyroid physiology and medicine,

the validity of previously described details of the peripheral
regulation of thyroid hormone physiology such as receptor and
de-iodination physiology and action (87) remains unaffected.
Such peripheral tissue physiology might however be re-
interpreted to lend support to the thesis of this review in that
it demonstrates the evolution of physiological processes that
might mitigate any adverse effects of any balance point levels of
thyroid hormones on organ function.

SUMMARY AND CONCLUSIONS

Recent data has enabled the development of a view of euthyroidism
and its biomarkers which as well as being consistent with this data,
is more consistent than previous paradigms with general
physiological principles. Table 1 provides a summary of these
changes in terms of some of the concepts and parameters of
thyroid function. In turn these changes have relevance for the
successful clinical management of hypothyroidism.

Euthyroidism can no longer be thought of as a particular level of
thyroid activity, specific for each individual, associated with
optimum physiological functioning across all organ systems. All
levels, including individuals’ usual levels, of thyroid hormones
present different risk profiles which change in a continuous
manner, some increasing whilst others are decreasing, with
changing hormone levels. Mid-range levels of thyroid hormones,
and thereby TSH, might be considered to be ‘most euthyroid” as such
levels are likely to be unassociated with symptoms related to the
thyroid state of peripheral tissues, and the risks of a variety of clinical
outcomes increase as thyroid hormones diverge from such levels.

Though TSH levels are markers of the thyroid state of
peripheral tissues and can help guide thyroid replacement

TABLE 1 | Summary of revisions proposed for concepts and parameters related to euthyroidism.

Concept/parameter Traditional view Revised view

Euthyroidism State of exposure of all tissues and organs to State of exposure of all tissues and organs to levels of thyroid hormones allowing normal
levels of thyroid hormones optimal for the range function, and associated with relatively modest risk profile — levels likely to be in the
individual middle of the population range

Subclinical State of borderline low thyroid function/mild Spectrum of peripheral thyroid status from euthyroid to borderline low thyroid function.

hypothyroidism (Raised
TSH, normal FT4 levels)
Borderline low thyroid
function/mild
hypothyroidism

Healthy individuals” usual
levels of thyroid
hormones

Targets for monitoring
thyroid replacement

TSH

FT4

FT3

hypothyroidism, increased risk of progression to
overt hypothyroidism.

Subclinical hypothyroidism

Individual euthyroidism/set point largely directly
determined genetically

Normal range TSH levels, adjusted individually

Most sensitive guide to peripheral tissues thyroid
status and preferred parameter for guiding
replacement treatment

Guide to thyroid status after initial classification
according to TSH levels.

Circulating form of the active intracellular
hormone. Homeostatically regulated, sensitive to
non-thyroidal illness.

Indicates low functioning thyroid gland and risk of disease progression.

FT4 levels around the lower limits of the normal range

Not necessarily optimal, stable balance point determined by genetically influenced stable
feedback loops.

Requires further study. Likely to be levels of FT4 +/- FT3 depending on individual factors
and form of replacement therapy

Inferior guide to peripheral tissues thyroid status. Differentiates primary from secondary
hypothyroidism. Prognostic indicator.

The most sensitive and robust measure of the thyroid status of peripheral tissues in
untreated individuals. Role in monitoring replacement treatment in primary hypothyroidism
requires study.

Sensitive measure of the peripheral tissue thyroid status. Not as robust as FT4. Requires
further study.
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therapy, the traditional teaching that TSH levels are the best
biomarkers for these functions and of the state of euthyroidism
can no longer be sustained. There is no empiric evidence for such
a proposition and the theoretical underpinning of such a position
seems to be flawed. There is, on the contrary, strong evidence
that levels of thyroid hormones, and in particular of FT4,
correlate better with clinical parameters and thereby with
euthyroidism. If a single biomarker is to be used for the
assessment of the thyroid state the evidence indicates that FT4
levels may be the most accurate.

It seems unlikely that successful treatment of patients can be
defined by the achievement of any particular state of
psychological well-being without rendering patients subject to
other impairments and risks.

Successful treatment of patients with hypothyroidism requires
accurate diagnosis and accurate monitoring of replacement therapy.
For the more subtle degrees of hypothyroidism there is sufficient
evidence to prefer thyroid hormone levels and in particular FT4
levels over TSH levels for the diagnosis and selection of treatment
candidates. There is sufficient evidence to no longer consider
‘subclinical hypothyroidism’ as currently defined as an accurate
indicator of hypothyroidism of peripheral tissues.

Precise replacement therapy aiming for the restoration of
individual euthyroidism is not realistic. For the monitoring of
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replacement therapy, the evidence suggests that monitoring FT4
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superior to monitoring TSH levels. There are rational grounds to
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situation applies to much of medical practice.

The above treatment targets, though rational and consistent
with the available evidence, remain unconfirmed by clinical trials
and there are therefore opportunities and needs to perform the
appropriate studies.

AUTHOR CONTRIBUTIONS

SE drafted the paper. HF substantially revised it. Both authors
read and approved the final manuscript. Both authors accept
accountability for the paper as per the journal’s guidelines.

12. Sheehan MT. Biochemical Testing of the Thyroid: TSH is the Best and,
Oftentimes, Only Test Needed - A Review for Primary Care. Clin Med Res
(2016) 14(2):83-92. doi: 10.3121/cmr.2016.1309

13. Emerson CH. Serum Thyroxine has a Better Correlation With All-Cause
Mortality and Morbidity Than Serum TSH But has Limited Relevance for
the Management of Acquired Hypothyroidism or Thyrotoxicosis. Clin
Thyroidol (2020) 32(7):330-2. doi: 10.1089/ct.2020;32.330-332

14. Hennessey JV. Letter to the Editor: Hennessey Responds to Fitzgerald Et al.
(Doi:10.1089/Thy.2019.0535). Thyroid (2020) 30(12):1834. doi: 10.1089/
thy.2019.0535

15. Taylor PN, Razvi S, Pearce SH, Dayan CM. Clinical Review: A Review of the
Clinical Consequences of Variation in Thyroid Function Within the Reference
Range. ] Clin Endocrinol Metab (2013) 98:3562-71. doi: 10.1210/jc.2013-1315

16. Walsh JP. Setpoints and Susceptibility: Do Small Differences in Thyroid
Function Really Matter? Clin Endocrinol (2011) 75:158-9. doi: 10.1111/
j.13652265.2011.04036.x

17. Baumgartner C, da Costa BR, Collet T-H, Feller M, Floriani C, Bauer DC,
et al. Thyroid Function Within the Normal Range, Subclinical
Hypothyroidism, and the Risk of Atrial Fibrillation. Circulation (2017)
136:2100-16. doi: 10.1161/CIRCULATIONAHA.117.028753

18. Chaker L, Heeringa J, Deghan A, Medici M, Visser WE, Baumgartner C,
et al. Normal Thyroid Function and the Risk of Atrial Fibrillation: The
Rotterdam Study. J Clin Endocrinol Metab (2015) 100:3718-24. doi: 10.1210/
jc.2015-2480

19. Murphy E, Glier CC, Reid DM, Felsenberg D, Roux C, Eastell R, et al.
Thyroid 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. ] Clin Endocrinol
Metab (2010) 95:3173-81. doi: 10.1210/jc.2009-2630

20. Van Rijn LE, Pop V], Williams GR. Low Bone Mineral Density is Related
to High Physiological Levels of Free Thyroxine in Peri-Menopausal
Women. Eur ] Endocrinol (2014) 170:461-8. doi: 10.1530/EJE-13-0769

21. Tosovic A, Becker C, Bondeson A-G, Bondeson L, Ericsson U-B, Malm J,
et al. Prospectively Measured Thyroid Hormones and Thyroid Peroxidase
Antibodies in Relation to Breast Cancer Risk. Int ] Cancer (2012) 131:226~
2133. doi: 10.1002/ijc.27470

Frontiers in Endocrinology | www.frontiersin.org

June 2022 | Volume 13 | Article 920854


https://doi.org/10.1089/thy.2014.0028
https://doi.org/10.1172/JC160047
https://doi.org/10.1155/2012/351864
https://doi.org/10.1161/CIRCULATION.118.036859
https://doi.org/10.1210/endo-110-5-1780
https://doi.org/10.1111/cen.12538
https://doi.org/10.1186/1742-4682-11-35
https://doi.org/10.1210/jcem.87.3.8165
https://doi.org/10.3389/fendo.2017.00364
https://doi.org/10.1371/journal.pone.0196631
https://doi.org/10.1016/j.ecl.2017.04.002
https://doi.org/10.1016/j.ecl.2017.04.002
https://doi.org/10.3121/cmr.2016.1309
https://doi.org/10.1089/ct.2020;32.330-332
https://doi.org/10.1089/thy.2019.0535
https://doi.org/10.1089/thy.2019.0535
https://doi.org/10.1210/jc.2013-1315
https://doi.org/10.1111/j.13652265.2011.04036.x
https://doi.org/10.1111/j.13652265.2011.04036.x
https://doi.org/10.1161/CIRCULATIONAHA.117.028753
https://doi.org/10.1210/jc.2015-2480
https://doi.org/10.1210/jc.2015-2480
https://doi.org/10.1210/jc.2009-2630
https://doi.org/10.1530/EJE-13-0769
https://doi.org/10.1002/ijc.27470
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Fitzgerald and Falhammar

Euthyroidism Biomarkers

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Khan SR, Chaker L, Ruiter R, Aerts JGJV, Hoffman A, Deghan A, et al.
Thyroid Function and Cancer Risk: The Rotterdam Study. J Clin Endocrinol
Metab (2016) 12:5030-6. doi: 10.1210/jc.2016-2104

Yeap BB, Alfonso H, Chubb SA, Puri G, Hankey GJ, Flicker L, et al. Higher
Free Thyroxine Levels Predict Increased Incidence of Dementia in Older
Men: The Health in Men Study. J Clin Endocrinol Metab (2012) 97:E2230-7.
doi: 10.1210/j¢.2012-2108

Medici M, de Rijke YB, Peeters RP, Visser W, de Muink Keizer-Schrama SM,
Jaddoe VYV, et al. Maternal Early Pregnancy and Newborn Thyroid
Hormone Parameters: The Generation R Study. J Clin Endocrinol Metab
(2012) 97:646-52. doi: 10.1210/jc.2011-2398

Gussekloo J, van Exel E, de Graen AJM, Meinders AE, Frélich M,
Westendorp RGJ. Thyroid Status, Disability and Cognitive Function, and
Survival in Old Age. JAMA (2004) 292:2591-9. doi: 10.1001/
jama.292.21.2591

Yeap BB, Alfonso H, Hankey GJ, Flicker L, Golledge J, Norman PE, et al.
Higher Free Thyroxine Levels are Associated With All-Cause Mortality in
Euthyroid Older Men: The Health In Men Study. Eur ] Endocrinol (2013)
169:401-8. doi: 10.1530/EJE-13-0306

Xu C, Xu L, Yu M, Li Y. Association Between Thyroid Function and non-
Alcoholic Fatty Liver Disease in Euthyroid Elderly Chinese. Clin Endocrinol
(2011) 75:240-6. doi: 10.1111/j.1365-2265.2011.04016.x

Bano A, Chaker L, Plompen EPC, Hofman A, Deghan A, Franco OH, et al.
Thyroid Function and the Risk of non-Alcoholic Fatty Liver Disease: The
Rotterdam Study. J Clin Endocrinol Metab (2016) 101:3204-11. doi: 10.1210/
jc.2016-1300

Mehran L, Amouzegar A, Bakhtiyari M, Mansournia MA, Rahimabad PR,
Tohidi M, et al. Variations in Serum Free Thyroxine Concentration Within
the Reference Range Predicts the Incidence of Metabolic Syndrome in non-
Obese Adults: A Cohort Study. Thyroid (2017) 27:886-93. doi: 10.1089/
thy.2016.0557

Roos A, Bakker §J, Links TP, Gans RO, Wolftenbuttel BH. Thyroid
Function is Associated With Components of the Metabolic Syndrome in
Euthyroid Subjects. J Clin Endocrinol Metab (2007) 92:491-6. doi:
10.1210/jc.2006-1718

Chaker L, Ligthart S, Korevaar TI, Hofman A, Franco OH, Peeters RP, et al.
Thyroid Function and Risk of Type 2 Diabetes: A Population Cohort Study.
BMC Med (2016) 14:150. doi: 10.1186/s12916-016-0693-4

Jun JE, Jee JH, Bae JC, Jin S-M, Hur KY, Lee M-K, et al. Association Between
Changes in Thyroid Hormones and Incident Type 2 Diabetes: A Seven-Year
Longitudinal Study. Thyroid (2017) 27:29-38. doi: 10.1089/thy.2016.0171
Makepeace AE, Bremmer AP, O'Leary P, Leedman PJ, Feddema P,
Michelangeli V, et al. Significant Inverse Relationship Between Serum Free
T4 Concentration and Body Mass Index in Euthyroid Subjects: Differences
Between Smokers and non-Smokers. Clin Endocrinol (Oxf) (2008) 69:648—
52. doi: 10.1111/j.1365-2265.2008.03239.x

Shon HS, Jung ED, Kim SH, Lee JH. Free T4 is Negatively Correlated With
Body Mass Index in Euthyroid Women. Korean J Intern Med (2008) 23:53-
7. doi: 10.3904/kjim.2008.23.2.53

Li Y, Shan Z, Teng W, Yu X, Li Y, Fan C, et al. Abnormalities of Maternal
Thyroid Function During Pregnancy Affect Neuropsychological
Development of Their Children at 25-30 Months. Clin Endocrinol (2010)
72:825-9. doi: 10.1111/j.1365-2265.2009.03743 x

Korevaar TIM, Schalekamp-Timmermans S, de Rijke YB, Visser WE,
Visser W, de Muinck Keizer-Schrama SMPF, et al. Hypothyroxinemia and
TPO-Antibody Positivity are Risk Factors for Premature Delivery: The
Generation R Study. J Clin Endocrinol Metab (2013) 98:4382-90.
doi: 10.1210/jc.2013-2855

Tan Z, Beiser A, Vasan RS, Au R, Auerbach S, Kiel DP, et al. Thyroid
Function and the Risk of Alzheimer’s Disease: The Framington Study. Arch
Intern Med (2008) 168(14):1514-20. doi: 10.1001/archinte.168.14.1514
Fitzgerald SP, Bean NG, Falhammar H, Tuke J. Clinical Parameters are More
Likely to be Associated With Thyroid Hormone Levels Than With TSH
Levels: A Systematic Review and Meta-Analysis. Thyroid (2020) 30
(12):1695-709. doi: 10.1089/thy.2019.0535

Dozois C, Medici M. Isolated Maternal Hypothyroxinemia During
Pregnancy: Knowns and Unknowns. Eur J Endocrinol (2017) 176:821-38.
doi: 10.1530/EJE-16-0354

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Cappola AR, Arnold AM, Wulczyn K, Carlson M, Robbins ], Psaty BM.
Thyroid Outcomes in the Euthyroid Range and Adverse Outcomes in Older
Adults. ] Clin Endocrinol Metab (2015) 100:1088-96. doi: 10.1210/jc.2014-
3586

Modell H, Cliff W, Michael ], McFarland J, Wenderoth MP, Wright A. A
Physiologist's View of Homeostasis. Adv Physiol Educ (2015) 39:259-66. doi:
10.1152/advan.00107.2015

Fitzgerald SP, Bean NG, Fitzgerald LN. Population Data Indicate That
Thyroid Regulation is Consistent With an Equilibrium- Point Model, But
Not With a Set Point Model. Temperature (2017) 4:114-6. doi: 10.1080/
23328940.2017.1281370

Hoermann R, Eckl W, Hoermann C, Larisch C. Complex Relationship
Between Free Thyroxine and TSH in the Regulation of Thyroid Function.
Eur J Endocrinol (2010) 162:1123-9. doi: 10.1530/EJE-10-0106

Hadlow NC, Rothacker KM, Wardrop R, Brown SJ, Mun Lim E, Walsh JP.
The Relationship Between TSH and Free T4 in a Large Population is
Complex and Nonlinear and Differs by Age and Sex. J Clin Endocrinol
Metab (2013) 98:2936-43. doi: 10.1210/jc.2012-4223

Key T, Appleby P, Barnes I, Reeves G. The Endogenous Hormones and
Breast Cancer Collaborative Group Endogenous Sex Hormones and Breast
Cancer in Postmenopausal Women: Reanalysis of Nine Prospective Studies.
JNCI (2002) 94(8):606-16. doi: 10.1093/jnci/94.8.606

Fraser R, Ingram MC, Anderson NH, Morrison C, Davies E, Connell JMC.
Cortisol Effects on Body Mass, Blood Pressure, and Cholesterol in the
General Population. Hypertension (1999) 33:1364-8. doi: 10.1161/
01.hyp.33.6.1364

Fitzgerald SP, Bean NG. Thyroid Stimulating Hormone (TSH)
Autoregulation Reduces Variation in the TSH Response to Thyroid
Hormones. Temperature (2018) 5:380-9. doi: 10.1080/23328940.
2018.1513110

Hoermann R, Midgley JEM, Larisch R, Dietrich JW. The Role of Functional
Thyroid Capacity in Pituitary Thyroid Feedback Regulation. Eur ] Clin
Invest (2018) 48:€13003. doi: 10.1111/eci.13003

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) 46:341-5. doi: 10.1016/j.clinbiochem.
2012.09.021

Zulewski H, Muller B, Exer P, Miserez AR, Staub JJ. Estimation of Tissue
Hypothyroidism by a New Clinical Score: Evaluation of Patients With
Various Grades of Hypothyroidism and Controls. J Clin Endocrinol Metab
(1997) 82(3):771-6. doi: 10.1210/jcem.82.3.3810

Canaris GJ, Steiner JF, Ridgway EC. Do Traditional Symptoms of
Hypothyroidism Correlate With Biochemical Disease? J Gen Intern Med
(1997) 12(9):544-50. doi: 10.1046/j.1525-1497.07109.x

Fitzgerald SP, Bean NG. The Relationship Between Population T4/TSH Set
Point Data and T4/TSH Physiology. ] Thyroid Res (2016) 2016:6351473. doi:
10.1155/2016/6351473

Rubio PP, Gallardo LJ, Duran EA, Sanchez SML. Correlation Between the
Plasma Levels of T3, T4 and TSH in a Normal Population. Rev Clin Esp
(1979) 155(4):267-70.

Jackson K, Cooper DS. Subclinical Hypothyroidism and Thyroid
Autoimmunity are Associated With Preterm Delivery in an Individual
Participant Meta-Analysis. Clin Thyroidol (2019) 31:410-6. doi: 10.1089/
ct.2019;31.410-416

Derakhshan A, Peeters RP, Taylor PN, Bliddal S, Carty DM, Meems M,
et al. Association of Maternal Thyroid Function With Birthweight: A
Systemic Review and Individual Participant Data Meta-Analysis. Lancet
Diabetes Endocrinol (2020) 8(6):501-10. doi: 10.1016/522213-8587(20)
30061-9

Groothof D, Flores-Guerrero JL, Nolte IM, Bouma HR, Gruppen EG, Bano
A, et al. Thyroid Function and All-Cause and Cardiovascular Mortality: A
Prospective Population-Based Cohort Study. Endocrine (2021) 71:385-96.
doi: 10.1007/s12020-020-02397-z

Persani L, Cangiano B, Bonomi M. The Diagnosis and Management of
Central Hypothyroidism in 2018. Endocrine Connections (2019) 8(2):R44-
R54. doi: 10.1530/EC-18-0515

Imaizumi M, Sera N, Ueki I, Horie I, Ando T, Usa T, et al. Risk of
Progression to Overt Hypothyroidism in an Elderly Japanese Population

Frontiers in Endocrinology | www.frontiersin.org

June 2022 | Volume 13 | Article 920854


https://doi.org/10.1210/jc.2016-2104
https://doi.org/10.1210/jc.2012-2108
https://doi.org/10.1210/jc.2011-2398
https://doi.org/10.1001/jama.292.21.2591
https://doi.org/10.1001/jama.292.21.2591
https://doi.org/10.1530/EJE-13-0306
https://doi.org/10.1111/j.1365-2265.2011.04016.x
https://doi.org/10.1210/jc.2016-1300
https://doi.org/10.1210/jc.2016-1300
https://doi.org/10.1089/thy.2016.0557
https://doi.org/10.1089/thy.2016.0557
https://doi.org/10.1210/jc.2006-1718
https://doi.org/10.1186/s12916-016-0693-4
https://doi.org/10.1089/thy.2016.0171
https://doi.org/10.1111/j.1365-2265.2008.03239.x
https://doi.org/10.3904/kjim.2008.23.2.53
https://doi.org/10.1111/j.1365-2265.2009.03743.x
https://doi.org/10.1210/jc.2013-2855
https://doi.org/10.1001/archinte.168.14.1514
https://doi.org/10.1089/thy.2019.0535
https://doi.org/10.1530/EJE-16-0354
https://doi.org/10.1210/jc.2014-3586
https://doi.org/10.1210/jc.2014-3586
https://doi.org/10.1152/advan.00107.2015
https://doi.org/10.1080/23328940.2017.1281370
https://doi.org/10.1080/23328940.2017.1281370
https://doi.org/10.1530/EJE-10-0106
https://doi.org/10.1210/jc.2012-4223
https://doi.org/10.1093/jnci/94.8.606
https://doi.org/10.1161/01.hyp.33.6.1364
https://doi.org/10.1161/01.hyp.33.6.1364
https://doi.org/10.1080/23328940.2018.1513110
https://doi.org/10.1080/23328940.2018.1513110
https://doi.org/10.1111/eci.13003
https://doi.org/10.1016/j.clinbiochem.2012.09.021
https://doi.org/10.1016/j.clinbiochem.2012.09.021
https://doi.org/10.1210/jcem.82.3.3810
https://doi.org/10.1046/j.1525-1497.07109.x
https://doi.org/10.1155/2016/6351473
https://doi.org/10.1089/ct.2019;31.410-416
https://doi.org/10.1089/ct.2019;31.410-416
https://doi.org/10.1016/S22213-8587(20)30061-9
https://doi.org/10.1016/S22213-8587(20)30061-9
https://doi.org/10.1007/s12020-020-02397-z
https://doi.org/10.1530/EC-18-0515
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Fitzgerald and Falhammar

Euthyroidism Biomarkers

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

With Subclinical Hypothyroidism. Thyroid (2011) 21(11):1177-82.
doi: 10.1089/thy.2010.0411

Knight BA, Shields BM, Hattersley AT. Vaidya B Maternal
Hypothyroxinaemia in Pregnancy is Associated With Obesity and
Adverse Maternal Metabolic Parameters. Eur | Endocrinol (2016) 174:51-
7. doi: 10.1530/EJE-15-0866

Cleary-Goldman J, Malone FD, Lambert-Messerlain G, Sullivan L, Canick
J, Porter TF, et al. Maternal Thyroid Hypofunction and Pregnancy
Outcome. Obstet Gynecol (2008) 112:85-92. doi: 10.1097/A0G.0b013e
3181788dd7

Ittermann T, Haring R, Wallaschofski H, Baumeister S, Nauck M, Dorr M,
et al. Inverse Association Between Serum Free Thyroxine Levels and Hepatic
Steatosis: Results From the Study of Health in Pomerania. Thyroid (2012)
22:568-74. doi: 10.1089/thy.2011.0279

Garduio-Garcia J, Alvirde-Garcia U, Lopez-Carrasco G, Mendoza M, Mehta
R, Arellano-Campos O, et al. TSH and Free Thyroxine Concentrations are
Associated With Differing Metabolic Markers in Euthyroid Subjects. Eur J
Endocrinol (2010) 163:73-278. doi: 10.1530/EJE-10-0312

Jostel A, Ryder WDJ, Shalet SM. The Use of Thyroid Function Tests in the
Diagnosis of Hypopituitarism: Definition and Evolution of the TSH Index.
Clin Endocrinol (2009) 71(4):529-34. doi: 10.1111/j.1315-2215.2009.03534.x
Carle A, Pedersen IB, Knudsen N, Perrild H, Ovesen L, Laurberg P.
Hypothyroid Symptoms and the Likelihood of Overt Thyroid Failure: A
Population- Based Case-Control Study. Eur ] Endocrinol (2014) 171(5):593—
602. doi: 10.1530/EJE-14-0481

Carle A, Pedersen 1B, Knudsen N, Perrild H, Ovesen L, Andersen S, et al.
Hypothyroid Symptoms Fail to Predict Thyroid Insufficiency in Old People:
A Population- Based Case-Control Study. Am ] Med (2016) 129(10):1082-
92. doi: 10.1016/j.amjmed.2016.06.013

Dayan CM, Panicker V. Hypothyroidism and Depression. Eur Thyroid |
(2013) 2(3):168-79. doi: 10.1159/000353777

Smith JW, Evans AT, Costall B, Smythe JW. Thyroid Hormones, Brain
Function and Cognition: A Brief Review. Neurosci Biobehav Rev (2002) 26
(1):46-50. doi: 10.1016/S0149-7634(01)00037-9

Samuels MH, Schuft KG, Carlson NE, Carello P, Janowsky JS. Health
Status, Mood, and Cognition in Experimentally Induced Subclinical
Thyrotoxicosis. J Clin Endocrinol Metab (2008) 93(5):1730-6. doi: 10.
1210/§¢.2007-1957

Vogel A, Elberling TV, Hording M, Dock J, Rasmussen AK, Feldt-
Rasmussen U, et al. Affective Symptoms and Cognitive Functions in the
Acute Phase of Graves” Thyrotoxicosis. Psychoneuroendocrinology (2007) 32
(1):36-43. doi: 10.1016/j.psyneuren.2006.09.012

Lillevang-Johansen M, Abrahamsen B, Lovendahl H, Brix TH, Hegediis L.
Over- and Under-Treatment of Hypothyroidism is Associated With Excess
Mortality: A Register -Based Cohort Study. Thyroid (2018) 28:566-74. doi:
10.1089/thy.2017.0517

Akirov A, Gimbel H, Grossman A, Schochat T, Shimon 1. Elevated TSH in
Adults Treated for Hypothyroidism is Associated With Increased Mortality.
Eur ] Endocrinol (2017) 176:57-66. doi: 10.1530/EJE-16-0708

Saravanan P, Visser TJ, Dayan CM. Psychological Well-Being Correlates
With Free Thyroxine But Not 3,5,3’-Triiodothyronine Levels in Patients on
Thyroid Replacement. J Clin Endocrinol Metab (2006) 91(9):3389-93.
doi: 10.1210/jc.2006.0414

Idress T, Palmer S, Maciel RMB, Bianco AC. Liothyronine and Desiccated
Thyroid Extract in the Treatment of Hypothyroidism. Thyroid (2020) 30
(10):1399-413. doi: 10.1089/thy.2020.0153

Haugen BR, Alexander EK, Bible KC, Doherty GM, Mandel SJ, Nikiforov
YE, et al. 2015 American Thyroid Association Management Guidelines for
Adult Patients With Thyroid Nodules and Differentiated Thyroid Cancer:
The American Thyroid Association Guidelines Task Force on Thyroid
Nodules and Differentiated Cancer. Thyroid (2016) 26(1):1-133.
doi: 10.1089/thy.2015.0020

Villar HC, Sacconato H, Valente O, Atallah AN. Thyroid Hormone for
Subclinical Hypothyroidism. Cochrane Database Syst Rev (2007) 18:
CD003419. doi: 10.1002/14651858CD003419.pub2

The TRUST Study Group. Thyroid Hormone Therapy for Older Adults
With Subclinical Hypothyroidism. N Engl | Med (2017) 376:2534-44. doi:
10.1056/NEJMoal603825

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Effraimidis G, Watt T, Feldt-Rasmussen U. Levothyroxine Therapy in
Elderly Patients With Hypothyroidism. Front Endocrinol (2021)
12:641560. doi: 10.3389/fendo.2021.641560

Fitzgerald SP, Bean NG, Hennessey JV, Falhammar H. Thyroid Paradigm
Switch From Thyrotropin to Thyroid Hormones - Future Directions and
Opportunities in Clinical Medicine and Research. Endocrine (2012) 74:285-
9. doi: 10.1007/s12020-021-02851-6

Peeters RP, Brito JP. Subclinical Hypothyroidism: To Treat or Not to Treat?
Eur J Endocrinol (2020) 183:D15-24. doi: 10.1530/EJE-20-0621

Lazarus JH, Bestwick JP, Channon S, Paradice R, Maina A, Rees R, et al.
Antenatal Thyroid Screening and Childhood Cognitive Function. NEJM
(2012) 366:493-501. doi: 10.1056/NEJMoal106104

Casey BM. Effect of Treatment of Maternal Subclinical Hypothyroidism or
Hypothyroxinemia on IQ in Offspring. Abstract S2 Am ] Obstetrics Gynaecol
(2015) 214:S2. doi: 10.1016/j.ajog.2015.10023

Wiersinga WM. T4 +T3 Combination Therapy: Any Progress? Endocrine
(2019) 66:70-8. doi: 10.1007/s12020-019-02052-2

Rotondi M, Magri F, Chiovato L. Thyroid and Obesity: Not a One-Way
Interaction. J Clin Endocrinol Metab (2011) 96:344-346F. doi: 10.1210/
jc.2010-2515

Brun VH, Eriksen AH, Selseth R, Johansson KJ, Vik R, Davidsen B, et al.
Patient-Tailored Levothyroxine Dosage With Pharmacokinetic/
Pharmacodynamic Modelling: A Novel Approach After Total
Thyroidectomy. Thyroid (2021) 31(9):1297-304. doi: 10.1089/thy.2021.0125
van Vliet NA, van Heemst D, Almeida OP, Asvold BO, Auber CE, Bae JB,
et al. Association of Thyroid Dysfunction With Cognitive Function an
Individual Participant Data Analysis. JAMA Intern Med (2021) 181
(11):1440-50. doi: 10.1001/jamainternmed.2021.5078

Fitzgerald SP, Bean NG, Falhammar H. Authors’ Response to Hennessey Re
Doi:10.1089/Thy.2019.0535. Thyroid (2020) 30(12):1835-6. doi: 10.1089/
thy.2020.0528

Fliers E, Kalsbeek A, Boelen A. Mechanisms in Endocrinology: Beyond the
Fixed Setpoint of the Hypothalamus-Pituitary-Thyroid Axis. Eur |
Endocrinol (2014) 171:R197-R20911. doi: 10.1530/EJE-14-0285

Benhadi N, Fliers E, Visser TJ, Reitsma JB, Wiersinga WM. Pilot Study on
the Assessment of the Setpoint of the Hypothalamo-Pituitary-Thyroid Axis
in Healthy Volunteers. Eur ] Endocrinol (2010) 162(2):323-9. doi: 10.1530/
EJE-09-0655

Harris EK. Effects of Intra- and Interindividual Variation on the Appropriate
Uses of Normal Ranges. Clin Chem (1974) 20:1535-42. doi: 10.1093/
clinchem/20.12.1535

Lazo M, Selvin E, Clark JM. Brief Communication: Clinical Implications of
Short-Term Variability in Liver Function Test Results. Ann Internal Med
(2008) 148:348-52. doi: 10.7326/0003-4819-148-5-200803040-00005
Reinhard M, Erlandsen EJ, Randers E. Biological Variation of Cystatin C and
Creatinine. Scand ] Clin Lab Invest (2009) 69:831-83647. doi: 10.3109/
00365510903307947

Pederson KO. On the Cause and Degree of Intraindividual Serum Calcium
Variability. Scandinavian ] Clin Lab Invest (1972) 30:191-9. doi: 10.3109/
00365517209081110

Coskun A, Carobene A, Kilercik M, Serteser M, Sandberg S, Aarsand AK,
et al. Within -Subject and Between-Subject Biological Variation Estimates of
21 Hematological Parameters in 30 Healthy Subjects. Clin Chem Lab Med
(2018) 56(8):1309-18. doi: 10.1515/cclm-2017-1155

Fitzgerald SP, Bean NG. Population Correlations do Not Support the
Existence of Set Points for Blood Levels of Calcium or Glucose. Physiol
Rep (2018) 6(1):e13551. doi: 10.14814/phy2.13551

Fitzgerald SP, Grote Beverborg N, Beguin Y, Artunc F, Falhammar H, Bean
NG. Population Data Provide Evidence Against the Presence of a Set Point
for Hemoglobin Levels or Oxygen Delivery. Physiol Rep (2019) 7:¢14153.
doi: 10.14814/phy2.14153

Romanovsky AA. Thermoregulation: Some Concepts Have Changed.
Functional Architecture of the Thermoregulatory System. Am ] Physiol
Regul Integr Comp Physiol (2007) 292(1):R37-46. doi: 10.1152/
ajpregu.00668.2006

Felsenfeld AJ, Rodriguez M, Aguilera Tejero E. Dynamics of Parathyroid
Hormone Secretion in Health and Secondary Hyperparathyroidism. Clin J
Am Soc Nephrol (2007) 2:1283-305. doi: 10.2215/CJN.01520407

Frontiers in Endocrinology | www.frontiersin.org

June 2022 | Volume 13 | Article 920854


https://doi.org/10.1089/thy.2010.0411
https://doi.org/10.1530/EJE-15-0866
https://doi.org/10.1097/AOG.0b013e3181788dd7
https://doi.org/10.1097/AOG.0b013e3181788dd7
https://doi.org/10.1089/thy.2011.0279
https://doi.org/10.1530/EJE-10-0312
https://doi.org/10.1111/j.1315-2215.2009.03534.x
https://doi.org/10.1530/EJE-14-0481
https://doi.org/10.1016/j.amjmed.2016.06.013
https://doi.org/10.1159/000353777
https://doi.org/10.1016/S0149-7634(01)00037-9
https://doi.org/10.1210/jc.2007-1957
https://doi.org/10.1210/jc.2007-1957
https://doi.org/10.1016/j.psyneuren.2006.09.012
https://doi.org/10.1089/thy.2017.0517
https://doi.org/10.1530/EJE-16-0708
https://doi.org/10.1210/jc.2006.0414
https://doi.org/10.1089/thy.2020.0153
https://doi.org/10.1089/thy.2015.0020
https://doi.org/10.1002/14651858CD003419.pub2
https://doi.org/10.1056/NEJMoa1603825
https://doi.org/10.3389/fendo.2021.641560
https://doi.org/10.1007/s12020-021-02851-6
https://doi.org/10.1530/EJE-20-0621
https://doi.org/10.1056/NEJMoa1106104
https://doi.org/10.1016/j.ajog.2015.10023
https://doi.org/10.1007/s12020-019-02052-2
https://doi.org/10.1210/jc.2010-2515
https://doi.org/10.1210/jc.2010-2515
https://doi.org/10.1089/thy.2021.0125
https://doi.org/10.1001/jamainternmed.2021.5078
https://doi.org/10.1089/thy.2020.0528
https://doi.org/10.1089/thy.2020.0528
https://doi.org/10.1530/EJE-14-0285
https://doi.org/10.1530/EJE-09-0655
https://doi.org/10.1530/EJE-09-0655
https://doi.org/10.1093/clinchem/20.12.1535
https://doi.org/10.1093/clinchem/20.12.1535
https://doi.org/10.7326/0003-4819-148-5-200803040-00005
https://doi.org/10.3109/00365510903307947
https://doi.org/10.3109/00365510903307947
https://doi.org/10.3109/00365517209081110
https://doi.org/10.3109/00365517209081110
https://doi.org/10.1515/cclm-2017-1155
https://doi.org/10.14814/phy2.13551
https://doi.org/10.14814/phy2.14153
https://doi.org/10.1152/ajpregu.00668.2006
https://doi.org/10.1152/ajpregu.00668.2006
https://doi.org/10.2215/CJN.01520407
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Fitzgerald and Falhammar

Euthyroidism Biomarkers

98. Grote Beverborg N, Veweig N, Klip IT, van der Wal HH, Voors AA, van
Veldhuisen D], et al. Erythropoietin in the General Population: Reference
Ranges and Clinical, Biochemical and Genetic Correlates. PLoS One (2015)
10(4):e0125215. doi: 10.1371/journal.pone.0125215

99. Khosla S. Chapter 65: Hypercalcemia and Hypocalcemia. In: DL Kasper, SL

Hauser, JL Jameson, AS Fauci, DL Longo and ] Loscalzo, editors. Harrison’s

Principles of Internal Medicine, 19th ed. New York: McGraw Hill (2015). p. 313-4.

Torres Al, Pasolli HA, Maldonado CA, Aoki A. Changes in Thyrotroph and

Somatotroph Cell Populations Induced by Stimulation and Inhibition of Their

Secretory Activity. Histochem ] (1995) 27:370-9. doi: 10.1007/BF02389023

Hetherington-Rauth M, Bea J, Lee VR, Blew RM, Funk J, Lohman TG, et al.

Comparison of Direct Measures of Adiposity With Indirect Measures for

Assessing Cardiometabolic Risk Factors in Preadolescent Girls. Nutr ] (2017)

16(1):15. doi:~10.1186/s12937-017-0236-7

McMurray RG, Soares J, Caspersen CJ, McCurdy T. Examining Variations of

Resting Metabolic Rate of Adults: A Public Health Perspective. Med Sci

Sports Exerc (2014) 46:1352-8. doi: 10.1249/MSS.0000000000000232

Hoermann R, Larisch R, Dietrich JW, Midgley JEM. Derivation of a Multivariate

Reference Range for Pituitary Thyrotropin and Thyroid Hormones: Diagnostic

Efficiency Compared With Conventional Single Reference Method. Eur |

Endocrinol (2016) 174:735-43. doi: 10.1530/EJE-16-0031

Jonklaas ], Cappola AR, Celi FS, Fliers E, Heuer H, McAninch EA, et al.

Evidence -Based Use of Levothyroxine/Liothyronine Combinations in

Treating Hypothyroidism: A Consensus Document. Eur Thyroid ] (2021)

10:10-38. doi: 10.1159/000512970

Escobar-Morreale HF, Botello-Carretero JI, Escobar del Rey F, Morreale de

Ecobar G. Treatment of Hypothyroidism With Combinations of

Levothyroxine Plus Liothyronine. J Clin Endocrinol Metab (2005) 90

(8):4946-54. doi: 10.1210/jc.2005-0184

Favresse ], Burlacu M-C, Maiter D, Gruson D. Interferences With Thyroid

Function Immunoassays: Clinical Implications and Detection Algorithm.

Endocrine Rev (2018) 39:830-50. doi: 10.1210/er.2018-00119

100.

101.

102.

103.

104.

105.

106.

107. Singh BK, Yen PM. A Clinician’s Guide to Understanding Resistance to
Thyroid Hormone Due to Receptor Mutations in the Tro and Trf Isoforms.
Clin Diabetes Endocrinol (2017) 3:8. doi: 10.1186/s40842-019-0046-2
Fernando- Ruocco J, Gallego M, Rodriguez-de-Yeure A, Zayas-Arrabel J,
Echeazarra L, Alquiza A, et al. High Thyrotropin is Critical for Cardiac
Electrical Remodelling and Arrhythmia Vulnerability in Hypothyroidism.
Thyroid (2019) 29:934-45. doi: 10.1098/thy.2018.0709

Van der Deure WM, Uitterlinden AG, Hofman A, Rivadeneira F, Pols
HA, Peeters RP, et al. Effects of Serum TSH and FT4 Levels and the
TSHR-Asp727Glu Polymorphism on Bone: The Rotterdam Study. Clin
Endocrinol (Oxf) (2008) 68(2):175-81. doi: 10.1111/j.1365-2265.2007.
0316.x

Romanovsky AA. Letters to the Editor. Am J Physiol Regul Integr Comp
Physiol (2005) 289:R281-2. doi: 10.1152/ajpregu.00037.2005

108.

109.

110.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Fitzgerald and Falhammar. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Endocrinology | www.frontiersin.org

June 2022 | Volume 13 | Article 920854


https://doi.org/10.1371/journal.pone.0125215
https://doi.org/10.1007/BF02389023
https://doi.org/10.1186/s12937-017-0236-7
https://doi.org/10.1249/MSS.0000000000000232
https://doi.org/10.1530/EJE-16-0031
https://doi.org/10.1159/000512970
https://doi.org/10.1210/jc.2005-0184
https://doi.org/10.1210/er.2018-00119
https://doi.org/10.1186/s40842-019-0046-2
https://doi.org/10.1098/thy.2018.0709
https://doi.org/10.1111/j.1365-2265.2007.0316.x
https://doi.org/10.1111/j.1365-2265.2007.0316.x
https://doi.org/10.1152/ajpregu.00037.2005
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

	Redefinition of Successful Treatment of Patients With Hypothyroidism. Is TSH the Best Biomarker of Euthyroidism?
	Introduction
	Euthyroidism
	The Best Biomarker of Euthyroidism Is FT4
	Euthyroidism in Patients on Replacement Therapy
	Support for TSH Levels, FT4 and TSH Levels Combined, and T3 Levels as Biomarkers of Euthyroidism
	Limitations and Qualifications
	Summary and Conclusions
	Author Contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


