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Background: We previously found low thyrotropin (TSH) levels in children and adolescents with thyroid
nodules, including papillary thyroid cancer, although it is generally accepted that high TSH levels are a risk
factor for formation and growth of thyroid nodules in adults. To clarify the reasons for the discrepancy, we
precisely analyzed the features of pituitary—thyroid hormone (TH) actions in children and adolescents with or
without nodules at different ages.

Methods: Among the 4955 participants who participated in a second screening by thyroid ultrasound exami-
nation in the Fukushima Health Management Survey, 721 and 2849 euthyroid participants aged 6-20 years
without or with nodules, including thyroid cancer, were selected for evaluation of TH regulation. The re-
sponsivity of TSH to THs was assessed by two thyroid feedback quantile-based indices (T4FQI and T3FQI).
Logistic regression analyses were conducted to calculate the odds ratios (ORs) of serum concentrations related
to thyroid functions for positive thyroid nodules compared with negative nodules.

Results: The feedback indices declined in a sex-specific manner with aging. In particular, T3FQI, the index for
TSH response to free triiodothyronine (fT3), started to decline after ~10 and 15 years of age in female and
male participants, respectively. Compared with the absence of nodules, the age- and sex-adjusted ORs (con-
fidence intervals) for logTSH, free thyroxine (fT4), T3, T4FQI, T3FQI, and thyroglobulin levels were 0.586
(0.501-0.685), 1.036 (0.595-1.805), 1.059 (0.842—1.332), 0.569 (0.454-0.715), 0.564 (0.443-0.719), and 1.01
(1.005-1.014), respectively. Associations between the presence of nodules and either low logTSH or low
feedback indices were observed in participants aged between 12 and 17 years among the total cohort.
Conclusions: The relationships between the levels of TSH and THs changed in a sex-dependent manner in
children and adolescents. The age-dependent shift in the pituitary—TH set point may be associated with age-
dependent nodule formation during restricted periods of growth and maturation in both young female and male
participants.
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Introduction

NEGATIVE FEEDBACK MECHANISMS for thyrotropin (TSH)
and thyroid hormones (THs) contribute to the homeo-
stasis of TH regulation.! There are apparent negative rela-
tionships between the levels of TSH and free triiodothyronine
(fT3) and the levels of TSH and free thyroxine (fT4) in
clinical and pathological findings.! Physiologically, the set
points of fT3 and fT4 to TSH are determined individually,
suggesting that each individual has a unique thyroid func-
tion.” There is no doubt that THs are essential and play piv-
otal roles in growth and development during childhood.’
Numerous studies have provided reference ranges for serum
fT3, fT4, and TSH in children.* Recent epidemiological
findings have produced evidence that the levels also differ
between boys and girls, probably because of puberty.”™'°
Overall, the majority of previous studies support the notion
that the levels of TSH, fT3, and fT4 change according to age
and sex during growth in childhood.

Several indices have been proposed for assessment of TH
negative feedback mechanisms using the relationship be-
tween serum concentrations of THs and TSH."' ™" The thy-
roid feedback quantile-based index (TFQI) was demonstrated
to act as a marker for thyroid responsivity and shown to be
correlated with insulin resistance in diabetes patients, all-
cause mortality in the general population, and metabolic
abnormalities in participants with subclinical hypothyroid-
ism.'*'® It has been proposed that the feedback systems for
the pituitary—thyroid axis may develop during growth from
infancy to adulthood, and show chronological and sequential
changes. Nevertheless, this hypothesis has not been assessed
during the periods for childhood and adolescence.

The Fukushima Health Management Survey was started
after the Fukushima Daiichi Nuclear power plant accident.
One of the main projects in the survey, the thyroid ultrasound
examination (TUE) program, was started in October 2011
and was planned to be repeated every two or five years.'’
Currently, the fifth-round examination is underway. Thyroid
nodules of =5.1mm were mainly screened in the first
screening. In the second screening, serum thyroid function
tests and confirmatory ultrasound examination were per-
formed. Previously, we found a relationship between TH
function and ultrasonographic findings in second-screening
participants with TUE in the first-round survey, set as the
preliminary baseline survey.'® The study revealed that the
levels of TSH were suppressed in patients with nodules, al-
though it is generally accepted that high TSH levels are a risk
factor for the growth of thyroid nodules and cancer in adults."

In the present study, we initially focused on the physio-
logical and sequential changes in the response of TSH to THs
using the provided sensitivity indices in euthyroid children
and adolescents without thyroid nodules from the perspective
of sex differences. We next precisely analyzed the features of
pituitary-TH actions in children and adolescents with or
without nodules at different ages to clarify the reasons for the
discrepancy between the low TSH levels in participants with
nodules in our previous study and the risk factor of TSH for
thyroid nodules reported generally.

Participants and Methods
Study participants

The participants were the ~ 360,000 children who lived
or were staying in the Fukushima Prefecture at the time of
the accident and were aged 18 years or younger on March
11, 2011.%° A flowchart for the selection of study partici-
pants is shown in Figure 1. Data were obtained for partici-
pants who received the second confirmatory examinations
in the first-, second-, and third-round survey of TUEs.
Among the total 6025 subjects recommended for a second
confirmatory screening, 5035 individuals were fully exam-
ined to reach a final diagnosis based on thyroid ultrasonogra-
phy findings and blood test results. We noted that 825 (16.4%)
participants underwent the examinations twice and 123 (2.4%)
participants underwent the examinations three times be-
cause of repeated recommendations for a second screening.
From the above participants, 734 subjects were excluded be-
cause of positive antithyroglobulin autoantibodies (TgAb:
<28.0 IU/mL) and/or positive anti-thyroperoxidase (TPO) an-
tibodies (TPOAb: <16.0 IU/mL).

A further 83 participants were excluded because of apparent
thyroid function abnormalities, such as TSH, {T3, or fT4 levels
beyond the mean+3SD (logTSH <—1.94 [TSH: 0.144 mU/L]
and logTSH >2.16 [TSH: 8.547 mU/L]; fT3 < 1.52 and >5.59;
fT4 <0.53 and >1.94 ng/dL). Thus, totally 817 participants were
excluded because of abnormal thyroid function tests. Among
the participants who underwent the confirmatory screening,
648 participants aged <6 or >20 years were excluded. After the
confirmatory ultrasound examination, the ultrasonography
findings were reassessed and recategorized. Retrospectively,
participants with intrathyroidal thymus, lymph nodes, ultra-
sound artifacts, and aberrant vessels were prone to misdiagnosis
at the time of the first screening. Fine needle aspiration cytology
was performed in the participants with nodules based on the
defined criteria.’

In our previous study, we categorized the subjects into four
groups as follows: group 1, participants without cysts and
nodules; group 2, participants with cysts; group 3, partici-
pants with nodules; and group 4, participants with papillary
thyroid cancer.'® The characteristics of the participants in the
four groups are shown in Supplementary Table S1. The
logTSH values were lower in the participants with nodules
including thyroid cancer (groups 3 and 4) than in the par-
ticipants without nodules (groups 1 and 2) in our previous
study as well as in the present study.

We combined groups 1 and 2 as category 1 and groups 3
and 4 as category 2 in the present study. In total, 721 and 2849
participants were eventually diagnosed as euthyroid without
nodules in category 1 and with nodules in category 2, re-
spectively. The sex-specific features of the thyroid functions
in the participants with and without nodules and their num-
bers at different ages are shown in Table 1 and Supplemen-
tary Table S2, respectively.

Measurements of serum THs, TSH, and Tg

fT3, fT4, and TSH levels were measured by electrochemilu-
minescence immunoassay using ECLusys fT3 (reference range:
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Subjects who underwent the first screening

Second-round survey
(full-scale thyroid screening)
(n=270,552)

First-round survey
(preliminary baseline survey)
(n=300,472)

Third-round survey
(full-scale thyroid screening)
(n=217,922)

Excluded subjects without thyroid
nodules or cysts (subgroup Al:n=
339,762) and subjects with benign

findings (<5.0-mm nodules and/or

<20.0-mm simple or colloid cysts)

Second-round survey
(n=2,230)

Total: n = 6,025

First-round survey
(n=2,293)

Subjects recommended for a second confirmatory screening

Third-round survey
(n=1,502)

(subgroup A2:n=443,158)

Excluded subjects who did not receive

thyroid blood tests or confirmatory
ultrasound

Second-round survey
(n=1,832)

Total: n = 5,035

First-round survey

(n=2,089) (n=1,114)

Subjects who received thyroid blood tests and confirmatory ultrasound

Third-round survey

(n =990)

Excluded subjects with abnormal
thyroid function test results

Excluded subjects
aged <6 years
or >20 years

(n=817)

(n =648)

Category 1: Subjects with no nodules
First-round Second-round Third-round
survey survey survey
(n = 444) (n=233) (n = 44)

Total: n =721
FIG. 1.

l

Category 2: Subjects with nodules,
including thyroid cancer

First-round Second-round Third-round
survey survey survey
(n=1,124) (n=1,049) (n=676)

Total: n = 2,849

Flowchart of subject selection. A total of 6025 subjects were tentative cases with nodules >5.0 mm and/or cysts

>20.0 mm after the first screening in the first-, second-, and third-round surveys. Of these, 5035 subjects received either
thyroid blood tests or confirmatory thyroid ultrasound examination. A total of 817 subjects were excluded for apparent
thyroid function abnormalities, such as positive anti-TgAbs (TgAb: <28.0 IU/mL) and/or positive anti-TPO antibodies
(TPOADb: <£16.0 IU/mL) in addition to TSH, fT3, or fT4 levels beyond the mean =3SD (logTSH <—1.94 [TSH: 0.144 mU/L]
and logTSH >2.16 [TSH: 8.547 mU/L]; fT3: <1.52 and >5.59 pg/mL; fT4: <0.53 and >1.94 ng/dL). After exclusion of 648
subjects aged younger than 6 years or older than 20 years, we selected a total of 721 subjects without nodules for category 1
and 2849 subjects with nodules for category 2. fT3, free triiodothyronine; fT4, free thyroxine; TgAb, thyroglobulin

autoantibodies; TPO, thyroperoxidase; TSH, thyrotropin.

2.13-4.07pg/mL), fT4 (reference range: 0.95-1.74ng/dL),
TSH (reference range: 0.340-3.880 mIU/mL), and Tg (ref-
erence range: <27.8ng/mL) (Roche Diagnostics GmbH,
Mannheim, Germany). The interassay coefficients of varia-
tion for the T3, fT4, TSH, and Tg assays were 4.0%, 6.0%,
4.0%, and 4.5%, respectively.

Organization of resistance to TH indices

The TEQI was first provided by Laclaustra et al.' Briefly, the

order positions of THs and TSH within a population are indi-
vidually converted to a quantile between 0 and 1, taking sam-
pling weights into account. The conversion is achieved by
applying the population empirical cumulative distribution
function (cdf) to the hormone concentrations. We convention-
ally denoted cdfTH and cdfTSH. We then expressed the con-
ventional feedback index (Fconv) as: Fconv=cdfTH + cdfTSH

This index ranged from O to 2 as previously described for
the resistance index to THs."? Lower values indicate lower
TSH (higher inhibition by TH) than expected for the actual
TH (meaning higher sensitivity to TH), while higher values

indicate higher TSH (lower inhibition by TH) than expected
for the actual TH (meaning lower sensitivity to TH). The
mean=*SD values for each hormone were fT3: 3.5268 £
0.48541, fT4: 1.2285%0.16158, and logTSH: 0.13121681 *
0.593685. We applied into the standard normal cdf and es-
tablished indices for not only fT4 to TSH (T4FQI) but also
fT3 to TSH (T3FQI) as shown below:

T3FQI=cdffT3 + cdfTSH=®((fT3 — pifr3)/0¢r3) + O((log
TSH - wogrsn)/ logrsn), and

T4FQI=cdffT4 + cdfTSH=®((fT4 — pifr4)/ 0¢14) + D((log
TSH — iogTsH)/ GlogTsH)s
where HUfr3 = 35268, 013 :048541, HfT4 = 12285, OfT4=
0.161 58, HMiogTsSH= 0.13121681 . and OlogTSH= 0.593685 for
the study population. Scatter plots between logTSH and {T4
and between logTSH and fT3 are shown in Supplementary
Figure S1.

Statistical analysis

The nonparametric Spearman’s correlation matrix coeffi-
cient was estimated between the series of thyroid function
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tests and age. The levels of logTSH, fT3, and fT4 at different
ages were compared between male and female participants
using Student’s t-test. All probability values for statistical
tests were two-tailed, and p-values <0.05 were considered
statistically significant. Odds ratios (ORs) and confidence
intervals [CIs] of positive thyroid nodules for sex, age, and
markers of thyroid function were calculated using logistic
regression models. Body mass index (BMI) data were missing
in 19 cases. Consequently, three, six, three, and seven BMIs
were excluded from the calculations of mean® SD values in
female participants without nodules, female participants with
nodules, male participants without nodules, and male partic-
ipants with nodules, respectively. The same BMIs were also
excluded in the logistic analyses. SPSS version 28 (SPSS,
Inc., Chicago, IL) was used for statistical analyses.

Ethics

The survey was approved by the Ethics Review Committee
of Fukushima Medical University (No. 1318). Written in-
formed consent was obtained from the participants or the
parents of the surveyed participants. The raw data used to
create the tables and figures in the present study are unavailable
due to arestriction outlined in the informed consent agreement.

SUZUKI ET AL.

Results

Characterization of mean* SE values for logTSH, T4,
fT3, T4FQI, T3FQI, and Tg in female and male
participants at different ages in category 1

Although the mean values did not change linearly, a neg-
ative relationship between age and logTSH was observed in
both female and male participants (Fig. 2a). In particular, at
ages above 14 and 16 years, prominent decreases were ob-
served in female and male participants, respectively. The
mean level of logTSH was significantly higher in male par-
ticipants than in female participants at 10, 11, 15, and 16
years of age. Regarding the relationship between age and fT4,
there were no apparent changes except for a slight increase in
male participants aged older than 16 years (Fig. 2b). In
contrast to the fluctuating changes in logTSH and fT4, pro-
minent smooth suppression of fT3 was observed in both sexes
at ages between 10 and 20 years (Fig. 2c). Apparently higher
levels of fT3 were observed in male participants during the
same period.

A negative relationship was observed between the levels of
T4FQI and age in both female and male participants, but clear
sex differences were not observed except at 9 and 10 years of
age and from 15 to 18 years of age (Fig. 2d). As shown in
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FIG. 2. Relationships between age and logTSH (a), fT4 (b), fT3 (c¢), T4FQI (d), T3FQI (e), and Tg (f) in male and female
subjects. Squares and circles represent female and male subjects, respectively. Data are shown as mean+ SE. Asterisks
denote significant differences between subjects at the same age. T4FQI, T4 feedback quantile-based index.
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Figure 2e, there was a prominent feature of an age-dependent
decline in the levels of T3FQI in both female and male par-
ticipants. In female participants, the levels sharply decreased
until 17 years of age, following a gradual decrease below 10
years of age. After 17 years of age, the levels plateaued. In
male participants, a gradual decrease in the levels was ob-
served below 14 years of age. The levels then rapidly de-
creased until 20 years of age. The levels of T3FQI in male
participants were significantly higher than those in female
participants between 11 and 19 years of age.

There were also significant differences in the Tg levels at
13, 15, and 18 years of age in female and male participants.
As shown by the Spearman coefficients in Table 1, negative
relationships between age and thyroid function levels such as
logTSH, fT4, fT3, T4FQI, T3FQI, and Tg were observed in
both female and male participants, except for a positive re-
lationship between age and fT4 in male participants
(r=0.164, p=0.004), as shown in Table 1.

Characterization of mean+ SE values of logTSH, T4,
fT3, T4FQI, T3FQI, and Tg in female and male
participants at different ages in categories 1 and 2

In female participants, there were similar trends that
logTSH was suppressed among participants with or without
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nodules and fT3 and fT4 were unchanged in both groups, in
addition to T4FQI and T3FQI being suppressed from ~ 12 to
16 years of age (Fig. 3a—e). In male participants with nodules,
the logTSH levels were suppressed at 8, 11, 14, and 15 years
of age compared with those in participants without nodules,
while the fT4 and fT3 levels remained unchanged except for
the fT3 level at 7 years of age (Fig. 4a—c). T4FQI and T3FQI
showed a tendency to be suppressed in the presence of nod-
ules in participants younger than 17 years (Fig. 4d, e).
Although the Tg levels in the presence of nodules were
high in both female and male participants older than 9 years
except for female participants at 14 years of age, there were
no significant differences in the levels between participants
with and without nodules for both sexes (Figs. 3f and 4f).
To clarify whether the thyroid markers significantly af-
fected the presence of nodules, we conducted logistic re-
gression analyses to calculate ORs and CIs of positive thyroid
nodules for sex, age, BMI, and markers of thyroid function
(Table 2). Lower logTSH, T4FQI, and T3FQI and higher Tg
independently increased the prevalence of nodules after
correction by age, sex, and BMI. For more precise analyses,
logistic analyses were performed in different age groups.
There were no significant correlations with individual thyroid
markers in the age groups of 6-8 and 9-11 years. In the age
groups of 12-14 and 15-17 years, increases in logTSH,
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FIG. 3. Relationships between age and logTSH (a), T4 (b), fT3 (¢), T4FQI (d), T3FQI (e), and Tg (f) in female subjects.
Squares and circles represent the subjects with and without nodules, respectively. Data are shown as mean+ SE. Asterisks
denote significant differences between subjects at the same age.
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FIG. 4. Relationships between age and logTSH (a), fT4 (b), fT3 (c¢), T4FQI (d), T3FQI (e), and Tg (f) in male subjects.
Squares and circles represent the subjects with and without nodules, respectively. Data are shown as mean + SE. Asterisks
denote significant differences between subjects at the same age.

T4FQI, and T3FQI had lower ORs for the presence of nod-
ules. These trends were not observed in the age group of 18—
20 years. An increase in Tg had a higher OR for the presence
of nodules in the age groups of 15-17 and 18-20 years.

Discussion

The initial purpose of the present study was to determine
the chronological features of pituitary-TH regulation in
children and adolescents from the perspective of sex. Among
the previous studies on reference ranges for fT3, fT4, and
TSH in the period including 3puberty, fewer than 20 studies
had >700 participants.®”%%*=>> Of these, approximately two-
thirds of the recent articles demonstrated evidence for sex
differences in fT3, fT4, and TSH levels during adoles-
cence. 781924293336 1y eneral, TSH and T3 levels in male
participants were higher than those in female participants,
while the differences in fT4 levels were small or controver-
sial during childhood and adolescence.*"-24-32-33:33

In the present study, the level of logTSH decreased and
plateaued at 16 years of age in female participants and 19
years of age in male participants. The level of T4 fluctuated
and was not associated with age in male participants, while
gradual suppression was observed in female participants. The
overall dispersion in the levels of fT3 was small compared

with that in the levels of TSH and fT4. The fT3 levels fluc-
tuated until 10 years of age and then decreased. The levels in
female participants rapidly decreased and reached a plateau
at ~ 17 years of age, while the levels in male participants
were gradually suppressed until 20 years of age.

Taken together, and similar to previous reports, TSH and
fT3 levels were dominantly higher in male participants and
decreased in an age-dependent manner. The degree of the sex
difference in fT4 levels at the same age was not prominent
compared with that in TSH and T3 levels.

Several confounding factors for the levels of TSH, {T4,
and fT3 were demonstrated in previous studies, including
age, sex, ethnicity, puberty, BMI, circadian rhythm, and
season.**® TSH and THs such as fT3 and fT4 also affect one
another as confounding factors, given the apparent negative
relationships between the levels of TSH and fT3 and the
levels of TSH and fT4 in clinical and pathological findings.'
To assess the responsivity of TSH to THs, several sensitivity
(resistance) indices have been proposed.”_16 Among them,
the TFQI was uniquely created for population-based statis-
tical analysis applied with cdf. The original TFQI was cal-
culated with TSH and fT4 because of the negative
relationship between these two hormones. An additional in-
dex involving fT3 and TSH, namely T3FQI, was provided in
the present study.
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TSH RESPONSE AND THYROID NODULE IN YOUNG

As shown in Figure 2d, the T4FQI exhibited gradual
suppression in the age groups examined. The levels in male
participants were sequentially higher than those in female
participants between 9 and 10 years of age and between 15
and 18 years of age. Meanwhile, the levels of T3FQI
changed in an age- and sex-dependent manner (Fig. 2e).
The levels started to become suppressed after 7 years of age
in female participants and 10 years of age in male partici-
pants. After 10 years of age, significant differences between
male and female participants were observed until 20 years
of age.

Recent findings showed that TSH levels gradually became
suppressed with the progression of puberty.” The fT4 levels
decreased and then increased with progression through the
Tanner stages, while the fT3 levels in female and male par-
ticipants started to decline in stages 3 and 4, respectively.
Considering that female participants experience puberty
earlier than male participants, two phases of male-dominant
T4FQI are plausible and the sequential changes in T3FQI
may also be associated with puberty phases.

As shown in Figures 3 and 4 and Table 2, logTSH, T4FQI,
and T3FQI levels were suppressed in the participants with
nodules, especially between 12 and 17 years of age. This
suppression was not observed in participants aged younger
than 12 years or older than 17 years. Taken together, the
pituitary-TH axis may be developing in participants who
develop thyroid nodules during specific periods such as pu-
berty. The reverse scenario is also possible, namely that
thyroid nodules develop in participants who are developing
the pituitary-TH axis during specific periods in childhood and
adolescence. Although TSH is well known to stimulate
nodule formation and accelerate nodule growth in adults,
TSH may not be the cause of nodule formation in children
and adolescents."”

The present study has some limitations. First, the study had
a cross-sectional design. Second, the participants were se-
lected from the participants recommended for second
screening of thyroid nodules, suggesting that some selection
bias was present even though the participants did not have
thyroid nodules.

In conclusion, the levels of fT3, fT4, and TSH changed in
an age- and sex-dependent manner. The set point of TSH to
fT3 may have changed, probably due to puberty or sexual
development. Inappropriate suppression of TSH in partici-
pants with nodules was observed in limited periods for the
development of the pituitary-TH axis such as puberty. The
present results may lead to better understanding of the rela-
tionship between nodule formation and development of the
pituitary-TH axis in children and adolescents.
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