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Abstract

Objectives: The determination of assay-dependent upper
and lower reference limits (URL, LRL) of free triiodothyronine
(FT3), free thyroxine (FT4), and thyroid stimulating hormone
(TSH) during childhood and adolescence, is challenging.
Methods: Thyroid hormones weremeasured via the Abbott
Alinity system in 502 euthyroid children partitioned in the
following age groups: ≤2, 2.1–10, and 10.1–18 years. The 97.5th
and 2.5th percentiles (URL and LRL) were derived according
to CLSI EP28- A3c guidelines. Quantile regression models
were used to assess: (a) 90% confidence intervals of the URL
and LRL, (b) the effect of age on URL and LRLwithin each age
class and on overall age range, (c) the difference between the
URLs and LRLs estimated for each age partition with an
estimate of the confidence interval divided by the reference
interval being derived (CI/RI).
Results: The CI/RI for the LRLs are smaller as compared to
the URLs, except for FT4 for the 2.1–10 years age group.
Considering the CI/RI and the overlap between CIs across the

three age groups, one single LRL might be considered for
TSH, FT3 and FT4 between 0 and 18 years. However, for the
URL, there was a noticeable decrease in the URL over the 3
age groups for all three biomarkers, with there being no
overlap in CIs for the URL between the ≤2 vs. the 10.1–
19 years age groups.
Conclusions: A common LRL for TSH, FT4 and FT3 for pa-
tients aged ≤18 yearsmay be utilizedwhen these biomarkers
are measured with the Alinity system. For the URLs the use
of age-specific URLs for these biomarkers is recommended.
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Introduction

Growth and development during childhood and adolescence
makes it challenging for the determination of accurate
reference intervals (RI) for analytes related to thyroid
function. Accurate RIs are important and are required to
assist clinicians when evaluating children for diagnosis and
monitoring of thyroid disorders [1–4].

As for various endocrine biomarkers, thyroid stimu-
lating hormone (TSH) and thyroid hormones (TH) are
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affected by physiological changes mainly occurring during
the neonatal period and puberty, which necessitates the
estimation of age and sex specific RIs in childhood and
adolescence [1–4]. Additionally, diurnal and seasonal vari-
ations in TSH levels have been well characterized, although
only in adult populations, together with the intra- and inter-
individual biological variability (BV) [5, 6]. Both TSH and TH
show smaller intra-individual than inter-individual vari-
ability (for TSH 17.7 vs. 35.9%; free thyroxine [FT4] 4.8 vs.
7.5% and free triiodothyronine [FT3] 5.0 vs. 8.0%) [5]. The
importance of BV in the interpretation of thyroid function
tests is relevant, since TSH and TH show high individuality
(i.e. Individual Index [II] for TSH of 0.5 and of 0.6 for TH),
indicating that RIs have to be cautionary considered for
valuable clinical decision making [5, 7]. There is however a
general consensus on the need in clinical practice ofmethod-
dependent and population-based RIs although there are
limitations for their use, as indicated above. Blood TSH
responds with amplification to minor alterations in TH, thus
a consistently abnormal TSH probably indicates that TH are
altered for the individual even when inside the RI [8–14].
Accordingly, some authors have recently reported in pedi-
atric population the evidence that there is only a minimal
association between TSH and FT4 levels [4, 15]. Furthermore,
the estimation of RI forTSH, especially of the upper reference
limit (URL), is still under debate, due to the possible high
prevalence of subclinical thyroid diseases that makes it
difficult to identify truly healthy subjects [4, 16, 17].

There is evidence that the simple interpretation of TSH
and TH levels according to RIs can not capture the complex
interactions between these hormones. Therefore, additional
indices have been proposed in the clinical framework for
this purpose. The measurement of the grade of pituitary
gland inhibition by FT4 levels has been defined as “resis-
tance to TH indices”. It characterizes a condition of central
sensitivity or resistance, by assessing the set point of the
central regulation of TH concentrations [18]. Accordingly,
primary hypothyroidism and clinical hyperthyroidism are
classified by thyrotrope T4 resistance index (TT4RI) and TSH
index (TSHI) as resistant or very sensitive to THs, respec-
tively [18]. Thus, in the central pituitary the negative feed-
back (i.e. suppression of TSH production by FT4) may be
assessed by TSHI and TT4RI whereas the bioavailability of
TH in the peripheral tissue may be estimated by FT3 to FT4
ratio [18, 19]. Currently no data and RI of indices reflecting
the sensitivity of TH are available for pediatric population.

The aim of our study was to assess in a large cohort of
euthyroid children and adolescents the upper and lower
reference limits (URL, LRL) and the respective confidence
intervals (CI) of thyroid function tests (i.e. TSH, FT4, FT3, and
of the derived indices) obtained by a widely used commer-
cially available assay. Importantly, we sought to characterize

if age-specific reference intervals are needed for all the thy-
roid function tests.

Materials and methods

The RIs of TSH, FT4 and FT3 and the RIs of TH resistance indices in a
population of children aged ≤18 years were derived from our academic
pediatric metropolitan hospital (“Vittore Buzzi” Children Hospital,
Milano, Italy). Specifically, we retrieved over a ∼3-year period (1st March
2019–31 December 2021) case series of consecutive individuals having the
concurrent serum measurements of TSH, FT3 and FT4. We included only
those inpatients and outpatients that underwent clinical evaluation and
who were reported to be euthyroid in the clinical records. Goiter was
excluded in all enrolled patients. No patients lived in iodine-deficient
areas. Iodine sufficiency is maintained through iodine salt fortification, as
recommendedby the national iodine prophylaxis program. Age partitions
of ≤2 years, 2.1–10 years and 10.1–18 years were pre-selected and are
associated with infancy, childhood and puberty/adolescence [20].

The concentrations of TSH, FT4 and FT3 were obtained via the
chemiluminescent microparticle immunoassays on the Abbott Alinity i
system. Some important performance characteristics are listed as fol-
lows. TSH: (a) reportedmeasuring interval of 0.0083–100mIU/L; (b) limit
of detection (LoD) of 0.0036 mIU/L; (c) calibration by 2 Alinity iTSH
calibrators, reference: 07P4801; stated traceability:WHO TSH 80/558; for
FT4: (a) reported measuring interval of 5.41–64.35 pmol/L; (b) reported
LoD of 3.60 pmol/L; (c) calibration by 6 Alinity Free T4 calibrators pre-
pared in human serum, reference: 07P7001; stated traceability: Abbott
internal reference standard; and for FT3: (a) reported measuring in-
terval of 2.30–30.7 pmol/L; (b) reported LoDof 1.46 pmol/L; (c) calibration
by 6 Alinity Free T3 calibrators prepared in human serum, reference:
07P6901; stated traceability: Abbott internal reference standard.

Notably, FT4 and FT3 claim traceability to Abbott internal standards,
whereas the TSH assays from different manufacturers claim traceability
to differentWHOreferencematerials. Furthermore, until now, there is no
evidence about the commutability of the reference material used for
calibration, and this might imply a bias in the calibration which might be
translated to the results of the clinical samples [21].

Other data on the analytical performance characteristics of the
Abbott Alinity system for thyroid hormones have been previously re-
ported [4].

As indices reflecting the sensitivity of TH we calculated:
– FT3/FT4 ratio=FT3 (pmol/L)/FT4 (pmol/L).
– TSH index (TSHI)=ln TSH (mIU/L) + 0.1345 * FT4 (pmol/L).
– Thyrotroph T4 resistance index (TT4RI)=FT4 (pmol/L) * TSH (mIU/L).
– Thyrotroph T3 resistance index (TT3RI)=FT3 (pmol/L) * TSH (mIU/L).

The Institutional Ethics Committee approved the study (2022/EM/175)
and the study was conducted in accordance with the Helsinki Declara-
tion of 1975, as revised in 2008.

Statistical methods

Statistical analyses were performed using R software (Version 3.5.1). The
graphical representation of data distribution allowed to identify the
extreme outliers. The final analysis was performed on a case series of
502 subjects. URL and LRL were established following CLSI EP28- A3c
guidelines with the 97.5th percentile and 2.5th percentile [22]. Subjects
were partitioned into the 3 age classes as stated previously:≤2 years, 2.1–
10 years, and 10.1–18 years. In each age class, for TSH, FT4, and FT3 the
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median, the 2.5th and 97.5th percentiles, and the 90% confidence in-
terval (CI) of the LRL and URL were estimated using the quantile
regression models [23, 24]. In each model, TSH and TH were considered
as the dependent variable and only the intercept term was included in
the regression formula. Unbiased estimate of the URL and LRL together
with its 90% CI were obtained by 100,000 non-parametric bootstrap
samples from 502 subjects.

To investigate the effect of age on URL and LRL within each age
class for TSH, FT3 and FT4 a quantile regression model for the 2.5th and
97.5th percentiles of the distribution was performed, including age as
dependent variable by a restricted cubic spline with four knots.

TheWald test was performed to comparemodels with linear terms
and nonlinear terms. In the case of a non-significant contribution of
non-linear terms, the model with only the linear term was considered.
The contribution of the linear termwas also tested to evaluate if the URL
and LRL could be considered constant over age.

Moreover, the quantile regression model on TSH, FT3 and FT4 was
used on the whole dataset to investigate the difference between the
URLs and LRLs estimated for each age partition. Age class was included
as a dummy variable considering ≤2 years as the reference. When the
contribution of age was statistically significant, a multiple comparison
procedure was used to test the contrasts between each pair of age
classes, using Bonferroni correction.

To investigate the general dependence of TSH, FT3 and FT4 on the
age range (≤18 years) quantile regression models were performed,

including age by a restricted cubic spline with four knots. The contri-
bution of nonlinear terms was evaluated as previously described. The
shape of the relationship between age and URL and LRL were repre-
sented graphically. Finally, to compare the relative width of the CIs
between the various analytes, the following ratio was calculated: CI/RI;
with the smaller ratio equating to a tighter estimate for the LRL or URL,
respectively [25].

Results

From 502 subjects, only the results from three patients,
identified as outliers were removed, after having collected
further exhaustive clinical information, showing alterations
to some metabolic parameters which might interfere with
thyroid tests (i.e. were removed due to clinical concern and
not analytical outliers). The TSH and TH distributions ac-
cording to age partitions of clinical relevance, together with:
(a) the URL, LRL of the RIs, (b) the related 90% CIs, (c) the
ratio between the width of the CI and the width of the RI,
used to evaluate the relative uncertainty of the estimate are
reported in Table 1. Noteworthy, with respect to ≤2 years age

Table : TSH and TH distributions, together with RIs, % CIs and uncertainty of the estimate of the LRL and URL, reported also for the derived indices.

Median (– percentile) Min-max % RI Lower limit Upper limit

% CI CI width/RI width, % % CI Ci width/RI width, %

≤ years (n=)

TSH, mUI/L . (.–.) .–. .–. .–. .% .–. .%
FT, pmol/L . (.–.) .–. .–. .–. .% .–. a

.%
FT, pmol/L . (.–.) .–. .–. .–. .% .–. .%
FT_FT ratio . (.–.) .–. .–. .–. .% .–. a

.%
TSHI . (.–.) .–. .–. .–. .% .–. .%
TTRI . (.–.) .–. .–. .–. .% .–. a

.%
TTRI . (.–.) .–. .–. .–. .% .–. .%

.- years (n=)

TSH, mUI/L . (.–.) .–. .–. .–. .% .–. a
.%

FT, pmol/L . (.–.) .–. .–. .–. a
.% .–. .%

FT, pmol/L . (.–.) .–. .–. .–. .% .–. .%
FT_FT ratio . (.–.) .–. .–. .–. .% .–. .%
TSHI . (.–.) .–. .–. .–. .% .–. .%
TTRI . (.–.) .–. .–. .–. .% .–. .%
TTRI . (.–.) .–. .–. .–. .% .–. .%

.- years (n=)

TSH, mUI/L . (.–.) .–. .–. .–. .% .–. .%
FT, pmol/L . (.–.) .–. .–. .–. .% .–. .%
FT, pmol/L . (.–.) .–. .–. .–. % .–. .%
FT_FT ratio . (.–.) .–. .–. .–. .% .–. .%
TSHI . (.–.) .–. .–. .–. .% .–. .%
TTRI . (.–.) .–. .–. .–. .% .–. a

.%
TTRI . (..–.) .–. .–. .–. .% .–. a

.%

The imprecision discussed in the text have been highlighted witha.
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group, the CI/RI ratio for TSH URL has ∼1.5 and 2.5-fold in-
crease in the 2.1–10 and 10.1–18 age partitions (up to 58%). An
opposite trendwas observed for FT4URL,with the CI/RI ratio
being higher in the ≤2 years (42.2%) partition vs. the other
partitions. The LRLs generally yielded lower CI/RI ratios vs.
the respective URL, excepted for FT4 in the 2.1–10 years age
group (31.4%). The CI/RI ratios of the URLs and LRLs of FT3
were comparable.

Differences for the LRL (Supplementary Table 1) was
obtained for TSH in the age class ≤2 vs. 10.1–18 years but
applying the Bonferroni correction none of the contrasts

were statistically significant. Statistically significant
decreases for the URL (Supplementary Table 1) were re-
ported for: (a) TSH and FT4 in the age classes ≤2 vs. 2.1–
10 years and ≤2 vs. 10.1–18 years. For FT3 the URL signifi-
cantly decreases from ≤2 and 2.1–10 years to 10.1–18 years.
This means that: (a) one single LRL might be considered for
TSH and for TH between 0 and 18 years; (b) one single URL
may be considered for TSH, FT4 between 2.1 and 18 years and
FT3 between 0 and 10 years. The trends of LRL and URL
for TSH and TH according to age are listed in the panel 1–3.
The Supplementary Table 2 shows the results of the

Figure 1: Trends of LRL and URL for TSH
according to age classes: ≤2 years (A), 2.1–
10 years (B), 10.1–18 (C), overall population (D).
In blue colour is represented the URL of each
hormone with its 90% CI (dashed lines), and in
red colour the LRL of each hormone with its
90% confidence interval (dashed interval).
Black dots represent the individual value of the
hormone.
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corresponding nonlinearity test. The non linearity test was
significant: (a) on the URL for TSH and FT4 in the ≤2 age class
(Figures 1A and 2A) and on overall ages (Figures 1D and 2D);
(b) on the LRL for FT4 in the 10.1–18 age partition (Figure 2C).
The test on the slope coefficient of the model was significant
on: (a) the LRL of TSH and FT4 in the ≤2 age partition (Fig-
ures 1A and 2A) and on overall the ages (Figures 1D and 2D),
(b) on the URLs of TSH in the 2.1–10 age class (Figure 1B), of
FT3 in the ≤2 age class (Figure 3A) and on overall ages
(Figure 3D).

By considering the trends of TSH and TH on overall ages
it is relevant to remark, (a) the TSH URL tends to decrease up
to 6.5 years of age (from 7.78 to 4.40 mIU/L) and then it
follows a constant trend; (b) the FT4 URL tends to decrease
up to 6.6 years (from 25.1 to 15.39 pmol/L), furthermore it
increases up to 11.4 years (16.12 pmol/L) and then it tends to
decrease (14.98 pmol/L at 18 years of age); (c) the FT3 URL
tends to a constant trend. However, thewide CIs reported for
the URLs still prevents from an accurate definition of the
trends.

Figure 2: Trends of LRL and URL for FT4
according to age classes: ≤2 years (A), 2.1–
10 years (B), 10.1–18 (C), overall population (D).

Ferraro et al.: Thyroid biomarkers reference intervals 5



Indices reflecting the sensitivity of TH

Our data (Table 1) show that TSHI is characterized by narrow
RIs at all ages, and it decreases from ≤2 years to other age
partitions, achieving a certain stability >2 years of age. The
CI/RI ratios of the URLs and LRL are however higher than
other analytes (Supplementary Figure 1).

FT3/FT4 ratio was characterized by narrow RIs, how-
ever, the CI/RI ratios of the LRL andURL estimateswere high.

In contrast, wide RIs are reported for both TT4RI (Supple-
mentary Figure 2) and TT3RI, following however a decreasing
trend across age. The CI/RI ratios of the URL were high.

Discussion

Current clinical practice guidelines for the diagnosis and
management of thyroid diseases recommend serum/plasma

Figure 3: Trends of LRL and URL for FT3
according to age classes: ≤2 years (A), 2.1–
10 years (B), 10.1–18 (C), overall population (D).

6 Ferraro et al.: Thyroid biomarkers reference intervals



TSH as the most sensitive and early marker for identifying
overt and subclinical thyroid diseases in children as well in
adult populations [2, 26–28]. An abnormal TSH result, implies
the further evaluation of TH (FT4 for identifying hypothy-
roidism, and FT3 for hyperthyroidism and thyrotoxicosis)
[2, 26–28]. Furthermore, neonatal screeningprograms include
the measurement of TSH (and optional addition of FT4) aim-
ing to early identify (and treat) congenital hypothyroidism
(CH) to prevent irreversible neurodevelopmental delay and
optimize developmental outcome [2, 28].

In the pediatric population, there is a need to improve
the clinical assessment of thyroid function by: (a) updating
TSH and TH RIs according to the method used, (b) consid-
ering the combination of TSH and TH in thyroid indices.

The lack of harmonization between TSH and TH
immunoassays implies the use of method dependent RIs,
requiring further to be updated even in the case the same
method (i.e. Abbott assay) shifts to a new analytical platform
(i.e. from Abbott ARCHITECT to Abbott Alinity immunoassay
systems) [4, 29].

Although recent evidence is available on RIs of TSH and
THsmeasured by the Abbott Alinity system,we reviewed our
laboratory records and derived RIs for specific age partitions
of clinical relevance, and thus resorting to a different study
design and statistical planning as compared to the previous
publication [4].

Indeed, to assess the concurrent pattern of hormonal
changes for patients ≤18 years of age, we included only in-
dividuals with concentrations for both TSH and TH, andwith
a clinical evaluation to exclude thyroid illness or conditions
interfering with thyroid function. Furthermore, we consid-
ered appropriate statistical methods in addition to those
recommended by CLSI to: (a) assess the uncertainty of the
estimated thresholds (i.e. CI/RI ratio) [25], (b) exclude het-
erogeneous profiling within age partitions, (c) establish the
number of minimal age partitions required to define URL
and LRL in the those individuals ≤18 years.

First, by considering the non-normal and asymmetric
distribution of biomarkers levels, instead of estimating the
usual coefficient of variation (CV) the relative uncertainty
was assessed by the ratio between the extent of the CI and
the extent of the RI. In general, the LRLs exhibit a smaller CI/
RI ratio for TSH with respect to FT3 and FT4 at overall ages,
whereas the URLs are generally affected by higher ratios for
all hormones, far higher and increasing for TSH after
>2 years of age. This suggests a certain caution in inter-
preting TSH concentrations above the URL and FT3, FT4 re-
sults below the LRL for identifying hypothyroidism
conditions at any age. This should be relevant to account for
evaluating the clinical impact of those tests used for identi-
fying CH in neonatal screening. On the other hand, these

results reinforce the robustness of TSH as first level test for
defining hyperthyroidism conditions when the result falls
below the LRL, and suggest caution in the interpretation of
FT3 and FT4 results over the URL. Second, we considered 3
age partitions of clinical relevance, and we investigated if a
possible intra-class heterogeneous profiling of marker levels
could prevent from estimating robust LRL and URL within a
defined cluster. The URLs of TSH and FT4 in those ≤2 years
showed a nonlinear pattern. Noteworthy, for TSH and TH, as
for other biomarkers, it has been observed a high variance
and high concentrations at birth, with a further gradual
reduction of both with age increase up to 1.5–2 years of age,
and in the earlymonths the effect of pre-term birth should to
be considered as a further factor of variation [29–31].

By evaluating the trends on overall ages there was a
marked decrease of the URLs of TSH, FT4 and FT3 before
5 years of age, followed by further slight changes. The LRLs
appear to have a slight increase with age for FT4 and to be
quite constant for TSH and FT3. These observations should be
considered according to the anatomical and physiological
changes of the thyroid gland, whose size increases quite
slowly in infancy, childhood, and adolescence. In the
newborn, the thyroid gland weighs approximately 1 g and
increases about 1 g per year until the age of 15 years, reaching
the adult size of about 15–20 g [32]. Concerning the thyroid
physiology, relevant changes occur after the time of birth.
Following the acute perturbations of the neonatal period, a
slow and progressive decrease in the concentrations of TSH,
FT4, FT3 and during infancy and childhood have been
reported by some authors [33]. Our results further charac-
terize the pattern of release of TSH and TH across childhood
(i.e. ≤18 years), and support the hypothesis suggested by other
authors, who observed only a minimal association between
TSH, FT4, and FT3 levels in the pediatric population [9].

Furthermore, our data indicate that one single, specific for
the analyte, LRL for TSH, FT3 and FT4 for patients ≤18 years
may be appropriate.

The comparison between the RIs estimated in this work
with those obtained by other authors on the same analytical
platform [4, 29] is prevented by the evidence that the number
and extension of age partitions are different between the
studies. In our work, the clinically relevant RIs were
confirmed according to statistical consistency. It is well re-
ported that there is no agreement on the age partitions that
should be considered to assess age dependent RIs for TSH
and TH as for several markers in childhood, and across the
available studies a total number of 70 types of age partitions
have been identified [30, 34].

We have however to consider that both TSH and TH
show high individuality (II<0.6) on the basis of the results of
BV data, and accordingly RIs may have some limitations in
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identifying abnormal thyroid function, aswell asmonitoring
longitudinal changes is equally of limited clinical value,
since the wide Reference Change Value (RCV) reported in
particular for TSH (i.e. 50.7 and 33.6% for increase and
decrease respectively) [5]. There is literature reporting that
in several clinical and subclinical situations, the simple
evaluation of thyroid function according to the RI rule may
not be of aid and the introduction of indices reflecting the
sensitivity of TH should be considered [18, 19, 35–42].
Currently, no data are available on the evaluation of the
indices reflecting the sensitivity of TH in euthyroid children
and adolescence. Our results show that the clinical applica-
bility of TT4RI and TT3RI might be limited with respect to
TSHI and FT3/FT4 ratio, since being characterized bywide RI.
TSHI although suffering for a high uncertainty of the LRL
and URL in some age partitions, might be considered for
investigating in the future the relationship between thyroid
function and metabolic derangement. Preliminary evidence
on adult patients with prediabetes have characterized a
likely decrease of TSHI with respect to normoglycemic sub-
jects [19]. FT3/FT4 ratio is reported to be far increased in the
case of hyperfunction of thyroid itself, and in this case series,
reasonably it tends to slightly increase after 2 years of age,
when the hypothalamus‐pituitary‐thyroid axis likely ach-
ieves the setpoint.

Limitations of our study are that: (1) it was designed by
interpreting TSH and TH frompatients after careful exclusion
of thyroid function illnesses etc. and not a questionnaire
screened healthy population; (2) we did not specify specific
number of patients (i.e. 120 individuals) in each age bin; (3) we
did not formally assess sex-differences between TSH and TH.

Finally, we have to emphasize that the lack of a
commutable reference material and consequently of stan-
dardized and harmonized assays for TSH, FT4 and FT3 are
undoubtedly a main limitation to the generalization of these
results to other immunoassays [21, 43].

The availability of reference materials, reference mea-
surement procedures, and reference (calibration) labora-
tories allow the implementation of traceability, representing
the most important strategy to establish standardization of
biomarkers used in the clinical laboratory. This means that
results will be accurate independently of the principle of
measurement, of the commercial test kit, of the laboratory
where biomarkers measurement is performed. The Joint
Committee for Traceability in Laboratory Medicine, the
WHO and International Federation of Clinical Chemistry
scientific division have increased their focus on traceability
and harmonization of some biomarkers including hormones
[44–46]. For the thyroid biomarkers, reference materials are
available only for Total T3 and Total T4, and there are

currently no projects to develop the traceability chain for
TSH, FT3 and FT4 [44–46].

In conclusion, our study contributes new LRLs and
URLs, according to a robust statistical approach, for TSH and
TH. The CIs of the URLs for the overall hormones are wide,
which might affect the correct identification of patients with
altered thyroid function. This evaluation might carry
greatest relevance when selecting TSH (and possibly FT4)
assays for diagnosing CH in neonatal screening program and
for considering further appropriate management, requiring
precise URL for TSH and precise LRL for FT4, at birth and in
the early ages. The release of improved interpretative
criteria, highlighting however their limitations, by using
appropriate statistical approach, must be required to predict
the clinical effectiveness of thyroid biomarkers in childhood
and adolescence [47]. However, our data does suggest that a
common LRL for the respective thryroid biomarkers in
childhood may be appropriate.
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