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Abstract

Background: Thyroid hormone action is mediated by two forms of thyroid hormone Key Words

receptors (a, ) with differential tissue distribution. Thyroid hormone receptor g (TRg) > thyroid hormone
mutations lead to resistance to thyroid hormone action in tissues predominantly resistance

expressing the 8 form of the receptor (pituitary, liver). This study seeks to identify the > thyroid

effects of mutant TRB on pituitary size. > pituitary

Methods: High-resolution 3D T1-weighted magnetic resonance images were acquired » thyroid hormone receptor

in 19 patients with RTHE in comparison to 19 healthy matched controls. Volumetric
measurements of the pituitary gland were performed independently and blinded by four
different raters (two neuroradiologists, one neurologist, one neuroscientist).

Results: Patients with mutant TR (resistance to thyroid hormone 8, RTHE) showed
elevated free tri-iodothyronine/thyroxine levels with normal thyroid-stimulating
hormone levels, whereas healthy controls showed normal thyroid hormone levels.
Imaging revealed smaller pituitary size in RTHB patients in comparison to healthy

controls (F(1,35)=7.05, P =0.012, partial n?=0.17).

Conclusion: RTH subjects have impaired sensitivity to thyroid hormones, along with

decreased size of the pituitary gland.
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Introduction

Thyroid hormonereceptors (TRs) mediate thyroid hormone
action. They can be divided into thyroid hormone receptor
alpha (TRa) and thyroid hormone receptor beta (TRA1 and
TRB2). Mutations in encoding genes (THRA and THRB)
lead to resistance to thyroid hormone action (RTH) (1, 2).
Expression of these receptors is organ- and tissue-specific.
TRal is predominantly expressed in the CNS, myocardium,
skeletal muscle and gastrointestinal tract (1). TRB1 is

predominantly expressed in the liver and kidney, while
TRB2 is present in the hypothalamus, pituitary, retina and
cochlea (3).

Subjects with RTHB usually harbour heterozygous
mutations in the THRB gene and may show tissue-specific
symptoms reflecting local signs of hypothyroidism (i.e.
growth retardation, learning difficulty, developmental
delay in children, hearing impairment, nystagmus)
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and symptoms of hyperthyroidism (i.e. tachycardia,
hyperactivity, high basal metabolic rate) (3). Subjects
with homozygous mutations in the THRB gene may show
developmental delay, growth and mental retardation, loss
or reduced hearing ability, and colour blindness (1, 2, 3).

Diagnosis of RTHp is difficult,
for thyroid malfunctioning often only includes the
determination of TSH, which is generally normal, or
slightly elevated in some cases. However, free thyroxine
(fT4) is universally elevated (4). In RTHB, the sensitivity
of the hypothalamic-pituitary axis to thyroid hormone
is reduced, due to altered signalling through TRB2, which
is predominantly expressed in the pituitary gland and
hypothalamus (5).

It is known that longstanding, untreated primary
hypothyroidism may lead to pituitary enlargement
due to thyrotrophic hyperplasia. Thyroid-stimulating
hormone (TSH)-secreting pituitary adenomas also cause
hyperthyroxinaemia with non-suppressed TSH, and
coexistence of TSHoma with RTHB has been described
(6, 7). The aim of the present work is to evaluate possible
differences in pituitary size between 19 subjects with RTHp
and 19 healthy matched controls.

since screening

Materials and methods
Ethics statement

The institutional ethics review board of the University of
Liibeck had approved all procedures prior to the study. All
participants gave their written informed consent prior to
their participation. The study was in accordance with the
Declaration of Helsinki.

Subjects

Forty subjects were recruited for this study, 19 healthy
controls and 21 patients with confirmed RTHB due to

heterozygous THRB mutations. Due to metal implants, 2
RTHp patients had to be excluded, resulting in a group of
19 RTHp patients, all from the UK (mean age 37.0 years,
S.D. 13.7, 10 women) and 19 healthy matched controls
from Liibeck, Germany (mean age 37.2 years, S.D. 13.2,
10 women). Subjects were also matched for educational
school degree and after-school career, as well as height,
weight and BMI (see Table 1). All procedures were
conducted at the University Medical Centre Schleswig-
Holstein, Campus Liibeck, Germany. The 19 RTHg
patients carried the following mutations: R320H (n=
5), R429Q (n= 3), R438H (n= 2), R383C (n = 2), M310V
(n=1),G345C (n=1), P453S (n=1), R243W (n =1), T2771
(n=1), R338W (n=1) and E460K (n = 1). Eleven patients
had maternal, two paternal and six de novo inheritance.
Twelve patients showed no goitre, two patients showed
mild goitre, two patients had moderate goitre and one
patient had large goitre secondary to high TSH and
carbimazole treatment, which was stopped leading to
a significantly reduced goitre size. Two patients were
previously operated on elsewhere due to goitre, goitre size
remained unknown. All participants underwent fasting
measurements of thyroid hormones (TSH, fT4 and free
tri-iodothyronine (fT3)) and lipid profiles (total, LDL
and HDL cholesterol). All participants were examined
by an endocrinologist. Out of the nineteen RTHg, only
one patient received propranolol, one patient received
calcidol postoperatively for hypoparathyroidism, one
patient received thyroxine for treatment of auto-immune
hypothyroidism and one patient received atenolol for
high blood pressure treatment. All other patients received
no medication. The brain images were evaluated for major
pathologies (e.g. stroke, tumor and signs of inflammation)
by a neuroradiologist. All participants were right-handed.

Blood sample analysis was performed in Cambridge,
UK. For transport, the serum was separated by spinning
and frozen at —80°C. TSH, fT4, fT3 and lipid profiles were
measured by Advia Centaur (Siemens). The reference range

Table 1 Difference in age, height, weight, BMI between patients and controls and ratio of pituitary size to total intracranial
volumes (TIV) for patients and controls. Independent t-test stated. No difference in educational degree and sex was noted, since
exact matching was performed (38.1% O-level, 61.9% A-level, 10/19 (52.6%) females for both groups).

Patients Controls Significance
Mean ratio vol/TIV (s.p.) Mean ratio vol/TIV (s.p.) Independent t-test _df P
Ratio of pituitary size to total 0.461 (0.085) 0.501 (0.106) 1.27 36 0.213
intracranial volume (TIV)
Age in years, mean (s.p.) 37.0(13.7) 37.2(13.2) 0.05 36 0.481
Height in meters (m), median (s.n.) 1.65(0.11) 1.69 (0.10) 0.21 26 0.419
Weight in kilograms (kg), median (s.p.) 84.80 (19.01) 82.50 (18.26) -0.14 28 0.447
BMI in kg/m?, median (s.p.) 27.51 (6.58) 27.16 (6.27) -0.27 28 0.394
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for TSH was 0.35-5.5 mU/L, fT4 10-19.8 pmol/L and fT3
3.5-6.5 pmol/L.

MRI recording and analysis

MRI images were acquired using a 3.0-tesla MR scanner
(Siemens Skyra; PAWP46126). High-resolution structural
images were obtained with a T1l-weighted 3D turbo-
gradient echo sequence (192 slices, repetition time = 1900
ms, echo time=2.44 ms, flip angle=9°, field of
view =256 x 256 mm, voxel size 1 x 1 x 1 mm?3). The volume
of the pituitary gland was determined on the sagittal
images, as the boundary is best defined in this orientation.
The programme micron (https://www.nitrc.org/projects/
mricron (8)) was used to define the region layer-by-
layer with manual tracing using a mouse-guided cursor.
The whole pituitary was analysed, without separating
the known subdivisions of neurohypophysis and
adenohypophysis within the pituitary gland, due to the
imaging resolution. Fslstats from the software package fsl
(9) was used to calculate the volume of the pituitary gland
(in mm?®) from the resulting volumes of interest (VOIs).
Volumetric measurements of the pituitary gland were
performed independently and blinded by four different
examiners (two neuroradiologists, one neurologist, one
neuroscientist). Prior to performing the volumetric
analyses, the examiners agreed to the procedures during
a joint session using sample brain images. For subsequent
statistical analyses, the mean volume, averaged across
all four raters, was calculated. Interrater agreement was
calculated using the intraclass correlation coefficient (ICC)
for the mean of all four raters applying a two-way mixed-
effects model. According to Koo and Li (2016), the resulting
kappa=0.87 (lower to upper bound kappa=0.8-0.92,
F(37,111)=8.0, P < 0.001) indicates a good to excellent
interrater agreement. To extract the total intracranial
volume (TIV) the VBM processing pipeline from the CAT
toolbox (10) running under SPM 12 (v7771, https://www.
fil.ion.ucl.ac.uk/spm/) and Matlab 2019b was used.

Statistics

All statistical analyses are based on R 4.0.2 using the
R Project for statistical computing (https://www.R-project.
org). For determining the ICC, the package psych (https://
personality-project.org/r/psych/) was used, all other
analyses were performed using the rstatix package (https://
CRAN.R-project.org/package=rstatix). To test for the
between-groups effect, a one-way ANOVA (factor levels
RTHB, control) was calculated. The potential relationship

between TIV and the size of the pituitary gland per group
was investigated calculating Spearman’s rho.

Results
Thyroid hormone levels

All RTHp subjects showed increased fT3 and fT4 levels,
whereas controls had normal thyroid hormone levels
(see Fig. 1A). There were no significant differences for TSH
for RTHB participants vs controls, whereas significant
differences were shown for fT3 (RTHB: mean 8.6 pmol/L,
s.0. 1.6 pmol/L; controls: mean: 5.1 pmol/L, s.D.
0.5 pmol/L; P < 0.001) and for fT4 (RTHB: mean
28.4 pmol/L, s.D. 5.5 pmol/L; controls: mean: 14.6 pmol/L,
S.D. 1.6 pmol/L; P < 0.001), applying a two-sample ¢-test.

Clinical symptoms

All subjects were examined by an endocrinologist and a
neurologist with additional training in psychiatry. Out
of the 19 RTHg patients, none showed tachycardia. Other
signs typical for hyperthyroidism (increased perspiration,
tremors, thinning of the skin, fine brittle hair and hair loss,
muscular weakness, stool frequency, weight loss, vomiting,
changes in menstrual cycle) were not present. Neither did
subjects experience symptoms typical for hypothyroidism
(feeling cold, constipation, weight gain, shortness of
breath, hoarse voice, changes of menstruation, abnormal
sensation, poor hearing, dry skin, hair loss, bradycardia,
swelling of the limbs, delayed relaxation of tendon reflexes,
carpal tunnel syndrome). In clinical history, 9 patients
reported difficulties in concentrating and 12 reported
anxiety episodes. Eight patients were overweight.

Imaging results

There was a significant difference between groups in
pituitary volume (F(1,36)=7.96, P =0.008, partial
n?=0.18), with a smaller pituitary volume in RTHg patients
(mean volume RTHp group: 658.8 mm?® (s.D.=111.2),
mean volume controls: 772.0 mm?® (5.0.=134.7), see
Fig. 1B). The analysis of the TIV also revealed a significant
difference between groups (mean volume RTHp group:
1435.1 cm?® (s.0n.= 134.3), mean volume controls:
1556.2 cm?® (s.D.= 121.6), F(1,36) =8.48, P =0.006, partial
n2=0.19, see Fig. 1C), indicating significantly reduced TIV
for the RTHB group in comparison to healthy controls.
However, there was no significant linear relationship
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Figure 1

(A) Levels of TSH, fT4 and fT3 in RTHB and healthy
controls. Significant results for fT4 and fT3 are
stated with no significant differences for TSH.
Results are shown in box plots including mean
and interquartile ranges of hormone levels.
Reference range for TSH was 0.35-5.5 mU/L, fT4
10-19.8 pmol/L and fT3 3.5-6.5 pmol/L. (B)
Distribution of mean pituitary volumes of controls
vs patients shown by box plots including mean

. and interquartile range of pituitary glands (in
mm?). (C) Distribution of mean total intracranial
volumes of controls vs patient shown by box plots
including mean and interquartile range of

. intracranial volumes (in cm?3). (D) Scatter plot
showing relationship and linear regression lines
between the pituitary gland and total intracranial

n.s.

-~ control
RTHpB

colntrol R'I"H[S con RTHB

between the pituitary gland’s volume and TIV, neither
for RTHB patients nor healthy controls (RTHB: tho=0.12,
P =0.62; controls: tho=-0.21, P =0.39, see Fig. 1D). We
further calculated the ratio of pituitary size to TIV and
tested for group differences using an independent samples
t-test, revealing no significant difference between patients
and controls (see Table 1). To confirm the reliability of
the observation that there is no correlation between
pituitary gland’s volume and TIV in healthy controls, we
investigated second group of 30 healthy participants from
our Centre (Center of Brain, Behavior, and Metabolism,
Luebeck University), recorded with the identical imaging
parameters. This sample’s mean age was 26.3, range
18-45 years, 15 men and 15 women. The analysis of this
additional sample affirmed our previous observation of
no significant correlation between pituitary gland size
and TIV in healthy subjects (tho=-0.21, P =0.19, data not
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n.s., not significant.

shown). Accordingly, we did not use TIV as a covariate in
the analysis of the pituitary gland’s size.

To investigate further variables influencing the
pituitary gland’s volume, we tested the correlation between
age or TSH level and volume per group. This revealed no
association between the pituitary gland’s size and TSH
level, neither for both the patient group (rho=0.30,
P =.20) nor for the controls (tho=-0.06, P =0.81, see
Fig. 2A). Even the exclusion of two patients with a
TSH > 4 mU/mL does not lead to a meaningful correlation
(tho=0.26, P =0.31, see Fig. 2B). The two subjects with
increased TSH did not show significantly increased or
decreased pituitary sizes in comparison to normal TSH
levels (662 and 509 mm?, respectively).

The analysis of volume and age revealed no significant
correlation for the RTHf: group (tho=-0.22, P =0.37),
whereas the healthy control group seems to have a faster

Figure 2
. (A) Correlation analysis between pituitary gland
size and TSH. (B) Correlation analysis after
exclusion of two patients with TSH >4 mU/mL.
(C) Correlation analysis between mean pituitary

age gland volume and age.
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decline of pituitary size across age and can be interpreted
as a significant trend (tho=-0.44, P =0.09) (see Fig. 2C).
As can be seen from Fig. 3, the volume and TIV vary
unsystematically between the individual mutations.
Given the maximum number of four subjects per mutation
group, a statistical test has not been performed. The mode
of inheritance also does not yield a significant difference
between maternal and other forms of inheritance. To test
for differences, we pooled the subjects with paternal or
de novo inheritance in one group and compared it to the
group of subjects with maternal inheritance. Because of
the low number of subjects in the paternal/de novo group,
we used the parameter-free Kruskal-Wallis method to
test for group differences. The test revealed no significant
differences neither for pituitary volume (n =19, H=1.15,
P =0.283) nor for TIV (n= 19, H=0.682, P =0.409)
(see Fig. 4).

Discussion
Principal findings

In this study, we evaluated the pituitary sizes of RTHB
subjects in comparison to healthy controls and we found a
smaller pituitary gland in RTHg.

1500 mutation that occurs more than once in our
sample is colour- coded (see y-axis), mutations that
occur only once are displayed in grey.

Findings in relation to other studies

Published data suggest a correlation between pituitary
size and serum levels of TSH (11). Pituitary enlargement
secondary to untreated primary hypothyroidism has
been repeatedly described (12, 13, 14, 15, 16, 17, 18).
Low levels of serum fT3 and fT4 cause a loss of feedback
inhibition, resulting in a hypothalamic overproduction
of thyrotropin-releasing hormone (TRH). This contributes
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Figure 4

Correlation analysis between pituitary gland size (A) and total intracranial
volume (TIV, B) with maternal and other (de novo, paternal) inheritance.
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to direct pituitary effects inducing hypertrophy and
hyperplasia of the pituitary gland (19), which is reversible
with appropriate TH replacement (20, 21).

A previous publication reported a case of RTHB with
a partially empty sella. The RTHB subject had a proven
THRB mutation, with increased fT3/4 and normal TSH.
Pituitary size reduction was considered to be an incidental
finding (22), but the current results suggest that pituitary
size reduction is common in RTHR. However, our study
identified less a severe reduction in pituitary size, rather
than an empty sella.

Literature shows that up to 15% of healthy people may
have a small, clinically inapparent pituitary adenoma (6).
Cases of RTHp and incidental pituitary adenomas (23, 24)
or pituitary hyperplasia (in contrast to a reduced pituitary
size) (25, 26) have been reported. Regression of pituitary
enlargement following thyroxine therapy in a patient with
RTHbeta can occur (27). In one remarkable case, a patient
with genetically confirmed RTHb (P453T mutation)
underwent excision of a TSH-secreting pituitary tumor,
with improvement in clinical condition and biochemistry
(7, 25, 28). Many cases of RTHbeta have normal pituitary
imaging (29, 30).

It is possible that defective thyroid receptor function
may interfere with negative feedback of TSH leading
to subsequent pituitary tumor development (6). Some
cases showed pituitary enlargements in patients with
slightly increased TSH (25). The reason for goitre in
RTHD is likely the increase in TSH bioactivity (4). In
our cohort, only two subjects showed slightly increased
TSH, while all others had TSH levels within the normal
range, which might explain why we did not identify
any pituitary enlargement. RTHB patients are
characterized by elevated levels of thyroid hormones as
well as normal or sometimes slightly elevated levels of
TSH; therefore, our cohort shows fT4 and TSH levels as
expected (31).

It is possible that, in our cohort with RTHp subjects
and predominantly normal TSH levels, the reduced size of
the pituitary may be linked to the dysfunctional receptor,
which is predominantly found in the pituitary (5).
Embryonicexposure to thyroid hormone causes thyrotrope
cell death (32); therefore, hereditary RTHB could also lead
to pituitary size reduction.

However, the results were surprising, since prior
studies show that excessive TRH stimulation can cause
pituitary enlargements due to thyrotroph and lactotroph
hyperplasia (16). This is in accordance with prior studies
showing RTHB subjects with increased TSH levels and
associated increase in pituitary size or adenomatous

growth (7, 23, 24, 25, 28, 33). It is not known whether
there is an increased frequency of pituitary adenomas in
RTHbeta; reported cases may simply reflect the relatively
common finding of incidentalomas seen in a healthy
population. This is the first study to systematically
image the pituitary gland in a group of confirmed
RTHbeta patients.

Unanswered questions and future research

In the present study, we were able to observe that subjects
with RTHB have a reduced pituitary size, which has only
been shown before in few case reports. Rare case reports
describe an increased size of the pituitary in RTHB. The
cause for the reduced size of the pituitary in RTHR is not
clear, and more research should be applied in order to find
the answer.

It remains unclear why intracranial volume is reduced
in RTHR. It may be possible that this is due to the effect of
local hyperthyroidism in the brain, since TR« localized in
the brain is still intact. Future research should therefore
include hyperthyroid individuals as an additional control
group to measure pituitary sizes.

It remains most surprising that none of the 19
individuals with RTH reported tachycardia. It therefore
must be considered that we have studied an unusual
group of individuals representing the minority of
subjects with RTHB. All of our studied subjects carried
heterozygous mutations, most known heterozygous
mutations are missense mutations, just like in our cohort
(34). It remains unclear whether this might influence
the clinical absence of tachycardia, despite high thyroid
hormone concentrations. Thus, the observations and
conclusions stated can possibly not be ascribed to RTHB
in general, and we therefore highly recommend that
the analyses should be repeated in a more typical
sample cohort.

Different results in the literature may also be explained
by missing differentiation of different phenotypes of
RTHB, including generalized thyroid hormone resistance
(GRTH) and pituitary thyroid hormone resistance (PRTH).
GRTH indicates individuals with typical abnormal thyroid
function tests and few clinical signs, whereas PRTH shows
similar hormonal abnormalities with a variety of thyrotoxic
features (35). Our subjects showed no significant clinical
signs, therefore should be classified as GRTH. Further
research will be necessary to further understand possible
influences by these different phenotypes on resulting
pituitary sizes.
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Conclusion

This study, the first to image the pituitary gland in a
cohort of confirmed RTHp patients, identified a reduced
pituitary size in patients with defective TRg signalling in
comparison to healthy controls. Given the predominant
expression of TR in the hypothalamus and pituitary, it
is possible that the change in pituitary size is mediated
by reduced sensitivity to thyroid hormones in the
hypothalamic-pituitary-thyroid axis. However, the results
remain unexplained, since the finding of smaller pituitary
size in RTH is paradoxical according to our understanding
of thyroid hormone resistance.
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