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Referat:
Adult-onset hypothyroidism leads to mood and cognitive impairment (Canaris et al.,
1997; Joffe et al., 2012). Residual symptoms may even persist in patients with
biochemically adequate treatment (Saravanan et al., 2002). Reasons discussed for
residual symptoms include firstly independent effects of autoimmune processes on
the brain (Grabe et al., 2005), secondly brain hypothyroidism in spite of normal
serum hormone levels (Panicker et al., 2009a), thirdly comorbidities leading to a
selection bias in seeking health care (Kong et al., 2002) and fourthly reactive mental
processes to the awareness of having a chronic disease (Ladenson, 2002).
Disentangling these possible causes has important implications for treatment
strategies. The present study wants to contribute to the discussion by studying the
target organ of interest, the brain, and measuring levels of autoimmunity. Animal
studies have indicated that adult-onset hypothyroidism leads to impaired memory,
anxiety and depression associated with alterations in hippocampal and amygdalar
neuronal plasticity (Alzoubi et al., 2009; Montero-Pedrazuela et al., 2006, 2011).
Magnetic resonance imaging (MRI) is a powerful non-invasive tool to investigate the
effects of hormone action on structure and function of the brain in living patients
(Brabant et al., 2011; Pilhatsch et al., 2011) and will be used to study neural
correlates of hypothyroidism in the current research project. First data from invasive
human brain imaging studies have shown changes in brain glucose metabolism and
cerebral blood flow in hypothyroidism, but as of yet studies are inconsistent
concerning reversibility and localisation (Bauer et al., 2009; Constant et al., 2001;
Krausz et al., 2004).
As a prerequisite for the MRI study, we successfully translated and validated a set of
questionnaires (McMillan et al., 2006; 2008) to measure symptoms, quality of life and
treatment satisfaction in hypothyroidism (publication 1). In the main study, we found
subclinically reduced mood in long-term adequately treated patients, but the mood
alterations were not associated with alterations in depression-related brain networks.
We identified thyroid autoimmunity and treatment duration as factors of neural
alterations in long-term treated hypothyroidism. In the control group comparison we
did not find structural and functional brain alterations (publication 2). More evidence
is needed on neural alterations in hypothyroidism, ideally from larger population-
based samples. Nonetheless, in long-term treated patients presenting with residual
symptoms, alternative causes such as comorbidities and reactive mental processes
to the awareness of having a chronic disease should be considered.
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| Introduction

Hypothyroidism during foetal brain development leads to severe and irreversible
mental retardation (Fuhrer et al., 2014), known as cretinism. It is mainly caused by
severe iodine deficiency. The prevalence for this condition has been reduced by a
highly successful public health program to eliminate iodine deficiency disorders by
introducing iodised salt to affected populations. It has been launched by the World
Health Organisation in 1990 and until 2000 the access of households to iodised salt

increased from 20-30% to 70% (Hetzel, 2005).
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Figure 1: National iodine status in 2013 showing urinary iodine concentrations (UIC) of school-
aged children. Subnational data means that data does not cover the whole country and iodine
intake may vary across subregions. Figure reprinted with permission from Pearce et al., 2013.

However, inadequate levels of iodine intake, including iodine excess, are still present
in many countries (Pearce et al., 2013; see Fig. 1). Germany was still listed as a
iodine deficient country in 2004 (Delange et al., 2004), but recent studies report

adequate iodine levels (Meisinger et al. 2012; Pearce et al., 2013; Volzke et al,,
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2012). Important to note, in contrast to the clear association between severe iodine
deficiency and cretinism, but also thyroid enlargement (goitre), there is a more
complex relationship between mild iodine deficiency or excess iodine intake and
prevalence rates for thyroid diseases with onset in adulthood (Laurberg et al., 2010).
Autoimmune thyroiditis, or Hashimoto’s disease, is the most common cause for adult-
onset hypothyroidism in Germany (Gartner et al.,, 2002; see chapters 11.1.2 and
11.1.3). It occurs more often in goitre patients and incidence rates are expected to
decrease with increasing iodine availability (Laurberg et al., 2010). However, it could
be shown that sudden rises in iodine uptake in previously iodine deficient
populations, as happens during the implementation phase of iodination programs,
increase the prevalence for autoimmune thyroiditis (Kahaly et al., 1998; Pedersen et
al., 2011) and associated hypothyroidism (Bjergved et al., 2012; Meisinger et al.,
2012). Therefore, we can currently even expect a transient increase in adult-onset
autoimmune hypothyroidism in Germany for those born before 1990 or even 2004,
and this patient group will be addressed in the current research project. Prevalence
estimates for hypothyroidism or subclinical hypothyroidism are 5% for the whole
population, with higher rates in women (8%) than men (3%) and an increase with age
up to 21% in females and 16% of males over the age of 74 (Roberts and Ladenson,
2004; Vanderpump, 2011).

Although the neurocognitive effects of adult-onset hypothyroidism are not as
deleterious as seen during foetal development, impairment of mood and cognition
has reliably been reported for severe, partly also for mild adult-onset hypothyroidism
(Allolio and Schulte, 1996; Hetzel, 2005; Roberts and Ladenson, 2004). Residual
symptoms may even persist in patients with biochemically adequate treatment
(Saravanan et al., 2002; Wekking et al., 2005; see chapters I.1.4 and 11.1.5).

2



Reasons discussed for residual symptoms include firstly independent effects of
autoimmune processes on the brain (Grabe et al., 2005), secondly brain hypo-
thyroidism in spite of nhormal serum hormone levels (Panicker et al., 2009a), thirdly
comorbidities leading to a higher chance of having thyroid hormone values tested
(Kong et al.,, 2002) and fourthly reactive mental processes to the awareness of
having a chronic disease (Ladenson, 2002). Disentangling these possible causes has
important implications for treatment strategies. The present study wants to contribute
to the discussion by studying the target organ of interest, the brain, and individual
levels of autoimmunity. Studies of the brain in hypothyroid rodents have shown
impaired cell signalling in hippocampus and amygdala related to memory and
depression (Alzoubi et al., 2009; Montero-Pedrazuela et al., 2006, 2011; see chapter
11.3.1). However, little is known about neural correlates of hypothyroidism in humans.
Magnetic resonance imaging (MRI, see chapter 11.2) is a powerful non-invasive tool
to investigate the effects of hormone action on structure and function of the brain in
living patients (Brabant et al., 2011; Pilhatsch et al., 2011) and will be used to study
neural correlates of hypothyroidism here. First invasive human brain imaging studies
have shown changes in brain glucose metabolism and cerebral blood flow in hypo-
thyroidism, but as of yet studies are inconsistent concerning reversibility and locali-
sation (Bauer et al., 2009; Constant et al., 2001; Krausz et al., 2004; see chapter
11.3.2).

We are interested both in initial treatment effects of levothyroxine to reestablish
euthyroidism as well as in long-term treatment effects to investigate possible causes
for residual symptoms. In order to study independent effects of the autoimmune
process, we measure thyroid peroxidase antibodies (TPO-ab) in addition to thyroid

hormone values.



In the following chapter | will summarise the current state of the literature in this
interdisciplinary research field. This will include sections on the thyroid hormone
system, (autoimmune) hypothyroidism, related mood and cognitive impairment, the
MRI methods used, and animal as well as human brain imaging studies. Con-
sequentially, | will derive the rational for the experimental work (chapter II). Our
experimental work resulted in two publications that form the present cumulative
dissertation (chapter Ill). | will close with a general discussion and some proposals

for future investigations (chapter 1V).



Il Theoretical Background

1 The thyroid and its dysfunction

1.1 The thyroid hormone system

The thyroid is a butterfly-shaped endocrine gland situated below the larynx (Ehlert
and von Kanel, 2011). It produces the hormone triiodothyronine (T3) and the pro-
hormone tetraiodothyronine (T4) and releases them into the blood stream, where
they are mainly bound to transport proteins. The small portion of unbound (pro-)
hormones are called free T3 (fT3) and free T4 (fT4), respectively. At target cells,
including neurons, fT3 binds to thyroid hormone receptors in the cell membrane and
thus influences gene transcription in the cell (Janssen et al., 2001). Furthermore, it
can lead to an increase in glucose uptake into the cells leading to general metabolic
enhancement (Roberts and Ladenson, 2004). fT4 itself is not active, it needs
deiodinisation by the enzymes deiodinase 1 or 2 (d1/d2) to fT3 at the target cell to
become effective. 80% of fT3 is produced by this production on demand (Dayan and
Panicker, 2009). The thyroid hormone system is feedback-regulated via the
hypothalamus and the pituitary gland that releases thyroid stimulating hormone
(TSH) to the thyroid gland in order to increase T3 and T4 release if hormone levels
are too low and vice versa (see Fig. 2 for a schematic view). TSH is the most
sensitive indicator for a dysfunction of the thyroid hormone system (Boelart and
Franklyn, 2005; Ehlert and von Kénel, 2011). Functional disorders of the thyroid are
classified according to three serum parameters: TSH, fT4 and fT3. High TSH levels
(>4mU/l) indicate hypothyroidism, whereas low TSH levels (<0,4mU/l) are defined as
hyperthyroidism (Pfannenstiel et al., 1999). As long as TSH is altered in isolation, the

condition is called subclinical. If in addition fT4 or fT3 are outside reference levels,
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the conditions are called overt. In the present work | focus on the condition of hypo-

thyroidism and will now focus on this part of the thyroid hormone continuum.

Hypothalamus <¢EEEuEEEEEEEEEEEEEER
-
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u
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Figure 2: The thyroid hormone cycle. Own figure inspired by figure 1.3 in Ehlert and von Kénel,
2011 and figure 1 in Dayan and Panicker, 2009.

1.2 Hypothyroidism

The main clinical symptoms of hypothyroidism are weight gain, cold intolerance,
tiredness, obstipation, bradycardia, hair loss, depression and cognitive deficits
(Allolio and Schulte, 1996; Roberts and Ladenson, 2004). Hypothyroidism is routinely
treated with synthetic thyroxine, called levothyroxine, restoring hormone levels to the
normal range. It is still under discussion whether some patients may benefit from
additional replacement with fT3, mimicking the exact output of the healthy thyroid that
produces small amounts of fT3 in addition to fT4 (Roberts and Ladenson, 2004).

The most frequent cause of adult-onset hypothyroidism is autoimmune thyroiditis due

to TPO-ab (Hashimoto’s thyroiditis), affecting 1-2% of the population (Géartner et al.,
6



2002). The second most common cause is medical intervention, including thyroi-
dectomy or radioiodine treatment for thyroid cancer or hyperthyroidism. This patient
group experiences abrupt hypothyroidism after the intervention and is then timely
treated with levothyroxine. Cancer patients receive supraphysiologically high doses
to suppress TSH for preventive reasons. Other rare causes are the so-called secon-
dary forms of hypothyroidism due to deficits within the thyroid feedback cycle, which
are TSH or thyrotropin releasing hormone (TRH) deficiency (Pfannenstiel et al.,
1999). For a control group study on hypothyroidism the first group of patients with
Hashimoto’s thyroiditis is best suited for several reasons. Firstly, prevalence is
highest, secondly treatment aims at a euthyroid status that is comparable to normal
thyroid function, thirdly no iatrogenic intervention has taken place that could possibly
influence results by the intervention itself or the initial disease. Finally, independent
effects of autoimmune thyroid activity on mood are discussed in the literature on
hypothyroidism and can be studied in this patient group (Gértner et al., 2002; Grabe

et al., 2005; Ott et al., 2011).

1.3 Autoimmune thyroiditis (Hashimoto’s disease)

The cause of the most common autoimmune disease (Ehlert and von Kénel, 2011)
was unclear until the concept of autoimmunity became known in the 1950’s and it
was not until the 1980’s that thyroid peroxidase was identified as the main target of
the immune system in patients with Hashimoto’s thyroiditis (Caturegli et al., 2013).
TPO-ab are found in 90-95% of patients (Janssen et al., 2001; Roberts and
Ladenson, 2004). The presence of TPO-ab highly increases the likelihood of

developing hypothyroidism (Vanderpump and Tunbridge, 2002), wherefore the



presence of antibodies is used for initial treatment decisions (Allolio and Schulte,
1996; Prummel and Wiersinga, 2005). Hashimoto’s thyroiditis is equally treated by
levothyroxine, as causal cures targeting the autoimmune process are still scarce.
However, first attempts using selenium have been made (Ott et al., 2011). It has
been argued that independent of the symptoms caused by the hypothyroidism, the
autoimmune process may exhibit an independent effect on patients’ mood and
cognition (Gartner et al., 2002; Grabe et al., 2005; Leyhe et al., 2008; Ott et al.,
2011). Examining the independent effect of TPO-ab on mood, cognition and brain is

therefore of special interest to the current study.

1.4 Mood in hypothyroidism

Reduced perceived health and more hypothyroidism-related symptoms were found in
overtly hypothyroid patients (Canaris et al., 1997; Schraml and Beason-Held, 2010).
Concerning subclinical hypothyroidism, the literature is less decided (Joffe et al.,
2012). On the one hand, no heightened depressivity or anxiety was found in some
studies (Bono et al., 2004). However, levothyroxine removal in long-term treated
patients leading to subclinical hypothyroidism revealed a reduction in perceived
health and well-being (Samuels et al., 2007).

Concerning the initial treatment effect of levothyroxine replacement therapy, some
studies found an improvement (Bono et al., 2004; Correia et al., 2009; Miller et al.,
2006), although not all report complete normalisation. Other placebo-controlled
treatment studies on mildly hypothyroid subjects found no changes beyond the
placebo effect (Jorde et al., 2006; Kong et al., 2002). Most studies on long-term

treated hypothyroidism found impaired perceived health status and increased mental



strain (Samuels et al., 2007; Saravanan et al., 2002; Wekking et al., 2005) and an
increased prevalence of depression and anxiety (Panicker et al., 2009b).

Concerning autoimmune thyroid disease, reduced perceived health was found in
euthyroid Hashimoto’s disease (Bianchi et al., 2004; Ott et al., 2011). In the general
population, autoimmune thyroid disease was associated with increased anxiety,
physical symptoms and depression (Grabe et al., 2005; Pop et al., 1998). One study
showed that TPO-ab activity can be reduced by selenium supplementation alongside
subjective health improvement (Gértner et al., 2002), suggesting an interesting new
treatment approach.

In conclusion, whereas mood alterations are robustly reported in overt untreated
hypothyroidism, the literature is less coherent concerning untreated subclinical
hypothyroidism and levothyroxine-treated conditions. It is still an open issue where
residual alterations despite adequate treatment result from. Explanations discussed
are insufficient normalisation of thyroid hormone levels at target tissues such as the
brain despite normal serum hormone levels (Panicker et al., 2009a), independent
effects of thyroid autoimmunity by TPO-ab (Ott et al., 2011), selection bias in seeking
health care (Kong et al., 2002) and reactive mental processes to the awareness of
having a chronic disease (Ladenson, 2002). The current study wants to add to the
discussion by investigating neural correlates of mood during treatment initiation and
in long-term treated hypothyroidism of autoimmune origin.

Patient-reported outcome measures (PROMs) used to study mood in hypothyroidism
so far have mainly been generic instruments that are applicable to several diseases
such as the Short-Form 36 (Bullinger and Kirchberger, 1998), a questionnaire on
self-reported mental and physical health, or questionnaires measuring depressive

symptoms (Hamilton depression scale, Baumann, 1976). They are therefore widely-

9



used and well-suited for comparisons between studies, but instruments specific for a
certain disease have been shown to be more sensitive to change (Eurich et al., 2006;
de Vries et al.,, 2005). For the assessment of hypothyroidism-specific symptoms,
homemade symptom lists have been used so far (Jorde et al., 2006; Ott et al., 2011;
Saravanan et al.,, 2002), leading to little comparability across studies. Hence, we
wanted to include validated disease-specific instruments in addition to well-known
generic instruments and as none were available in German, we translated and
validated a set of English questionnaires in cooperation with the original author team
(McMillan et al., 2006; 2008). This important methodological prerequisite forms part

of the first publication of this dissertation.

1.5 Cognition in hypothyroidism

The cognitive domains most discussed in hypothyroidism are memory, working
memory, attention and psychomotor speed. Studies are highly heterogeneous as to
the severity, treatment status, cause of disease, age range and study population and
have produced equally heterogeneous results.

Verbal or spatial memory deficits (Baldini et al., 1997; Burmeister et al., 2001;
Correia et al., 2009; Miller et al., 2006), as well as working memory impairment
(Schraml et al., 2011) have been reported in untreated hypothyroidism. The same
studies found no attention deficit (Burmeister et al., 2001; Miller et al., 2006) and
other studies found neither memory nor attention to be impaired in untreated
hypothyroidism (Bono et al., 2004; Jorde et al., 2006; Schraml et al., 2011).
Interestingly, one study found significant subjective impairment in broad cognitive

domains despite objective impairment in verbal memory only (Burmeister et al.,
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2001). Small TSH changes within the normal range did not produce alterations in
attention or working memory (Walsh et al., 2006), whereas levothyroxine removal in
long-term treated patients leading to subclinical hypothyroidism led to a reduction in
working memory ability (Samuels et al., 2007). Two reviews on the topic conclude at
least for subclinical hypothyroidism that the inconsistent findings suggest at most
rather subtle cognitive deficits (Joffe et al., 2012; Samuels et al., 2010).

Treatment initiation with levothyroxine led to a significant improvement in most
studies (Baldini et al., 1997; Burmeister et al., 2001; Jaeschke et al., 1996; Miller et
al., 2006), but not always normalised to control group levels (Correia et al., 2009) and
was indistinguishable from placebo control groups in other studies (Jorde et al.,
2006; Parle et al., 2010).

Studies on long-term treated hypothyroidism found impaired memory and attention
(Wekking et al., 2005) and another study impaired working memory and motor
learning (Samuels et al., 2007), whereas no cognitive impairment was found in other
studies (Kramer et al., 2009). Studies on the role of autoimmunity on cognition in
hypothyroidism are scarce. One study on long-term treated patients with Hashimoto’s
thyroiditis showed a very specific attention deficit (Leyhe et al., 2008).

In conclusion, the behavioural literature on cognition in hypothyroidism is indecisive,
especially concerning subclinical and long-term treated hypothyroidism. A potentially
independent role of autoimmunity on cognition as suggested for mood impairment
(Gartner et al., 2002; Grabe et al., 2005) has so far not been studied. We therefore
find it warranted to include high-load cognitive testing in the present work to investi-
gate potentially subtle cognitive impairment and to pay special attention to autoim-

mune involvement.
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2 Magnetic resonance imaging

2.1 Physical basis

The magnetic resonance (MR) technique is based on an intrinsic property of
(hydrogen) protons, namely their spin. It means that they contain a perpetual rotating
charge that produces a measurable stable magnetic axis. If many protons of e.g. a
human brain enter a strong magnetic field such as an MR scanner, the magnetic
axes of some of these protons align with the magnetic field, leading to a measurable
net magnetisation along the scanner magnet (Jancke, 2005; Schneider and Fink,
2013). During MR measurement this magnetisation is excited by a high frequency
electromagnetic wave causing the protons to turn their magnetic axis by the angle
the wave is send out. This produces a measurable alternating voltage. After
switching off the electromagnetic wave the system regains the stable magnetic field.
Different processes reflect the decay of the induced transverse magnetisation, called
T1-, T2- and T2*-relaxation (Logothetis, 2008). The process of excitation and rela-
xation is repeated many times to gather robust data. The differentiation of tissue
types in the brain is possible because different characteristics of the tissues such as
proton density or magnetic properties influence the relaxation times. Acquisition para-
meters, e.g. the repetition time between the excitations, can be adapted to optimise
contrast between tissues of interest. In addition, the signal depends on the magnetic
field strength, allowing for detailed spatial coding. In order to reconstruct a 3-
dimensional image of the brain, a grid of unique magnetic field strengths is estab-
lished by adding three magnetic gradients along the three spatial axes to the main

magnetic field (Buxton, 2009; Weishaupt et al., 2009).
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2.2 Structural and functional MRI

For analysing brain structure, the properties of the three main tissue types of the
brain: grey matter, white matter and cerebrospinal fluid, and their influence on the
relaxation times, are crucial. T1-relaxation times differentiate best between grey and
white matter, wherefore T1-weighted contrast images are most often used for
structural analyses. The probability of each voxel belonging to one of the three tissue
types can be calculated by voxel-based morphometry (VBM, Ashburner and Friston,

2000).

Figure 3: Own example dataset illustrating structural MRI preprocessing using voxel-based
morphometry, (a) structural T1 image, (b) mean image after normalisation, (c) extracted grey
matter tissue, (d) 8mm smoothed image.

The magnetisation-prepared rapid gradient echo sequence (MP-RAGE) is optimised
to differentiate between grey matter (darker) and white matter (lighter), cerebrospinal

fluid appears black (Schneider and Fink, 2013; see Fig. 3 a) and has therefore been

used here. Raw structural images require preprocessing before use in group
13



analyses in order to ensure comparability between subjects for later voxel-wise
comparison of grey matter probability values. Preprocessing includes normalisation
to a standard brain, here the Montreal Neurological Institute (MNI) space as well as
segmentation of the different tissue types and smoothing by a Gaussian Kernel
(Ashburner and Friston, 2000; see Fig. 3). Details of acquisition parameters, data
processing and group analyses are given in publication 2 (chapter 1ll.1) and the

respective supplemental material (chapter VII.1).

Figure 4: lllustration of the contrast method used in task-based fMRI. Results of a onesample t-
test showing significantly higher BOLD responses to memory encoding vs. rest in healthy
participants overlayed on a structural MRI scan. Modified from figures 1 and 3, Quinque et al.,
2013.

Functional MRI (fMRI) exploits the so-called BOLD-effect, the blood oxygen level
dependent effect. Neurally active brain areas expend more oxygen leading to a local
increase in blood flow beyond actual oxygen requirement. As a result, there is a
transient increase in oxyhaemoglobin and a reduction in deoxyhaemoglobin. The
T2*-relaxation time is susceptible to magnetic properties of tissues and as

oxyhaemoglobin and deoxyhaemoglobin differ in this respect, T2*-weighted images

14



reflect changes in blood-oxygen levels over time, providing an indirect measure of
neural activity (Buckner and Logan, 2001; Logothetis, 2008).

In resting-state fMRI spontaneous BOLD signal changes over time in a resting
participant are investigated allowing the analysis of neural connectivity between brain
regions. This neural connectivity represents an important feature of the brain, namely
its organisation in functional networks. It thus ideally supplements structural MRI
methods (e.g. VBM) that study brain regions in isolation or task-based fMRI studies
that are always confined to the specific domain studied (Biswal et al., 1995; Fox and
Raichle, 2007). A large array of processing options has been developed to address
several research questions (Margulies et al., 2010). In the case of a priori information
about regions of interest (ROI), seed-based analysis is suitable. Seed-based resting-
state fMRI looks into the correlation of the average BOLD time course of the ROI with
the BOLD time course of all other voxels in the brain. The physiological rational
behind this analysis is the idea that the amount of shared functionality is related to
the synchrony of time courses during rest (Fox and Raichle, 2007). Bauer et al.,
(2009) provide region-specific data about brain areas related to altered glucose
metabolism in hypothyroidism. Therefore, we were able to enter valid a priori seeds
to investigate functional connectivity in hypothyroidism and used this informed
approach in the current study, see publication 2 (chapter 1ll.1) and the respective

supplemental material (chapter VII.1).
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3 Hypothyroidism and the brain

3.1 Animal studies

Animal studies on hypothyroidism suggest both behavioural deficits and correlated
physiological pathomechanisms. Several studies found that hypothyroid rats are
impaired in spatial learning, accompanied by a reduction in long-term potentiation
(LTP) in the hippocampus, a neurophysiological correlate of memory (Alzoubi et al.,
2009; Artis et al., 2011). Both memory impairment and LTP reduction were reversible

with levothyroxine treatment (Alzoubi et al., 2009; see Fig. 5).
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Figure 5: Hypothyroid rats show reversibly impaired learning and memory in a radial arm water
maze (a) and reversibly reduced excitatory postsynaptic field potentials (fEPSP), a measure of
long-term potentiation in the hippocampus (b). Modified with permission from Alzoubi et al.,
2009.

In contrast, Fernandez-Lamo et al., (2009) report impairment in associative learning
and altered protein expression involved in LTP induction despite adequate treatment
(see Fig. 6). Levothyroxine treatment prevented memory impairment and hippocam-
pal cell death in an Alzheimer’s disease mouse model (Fu et al., 2010). Further
hippocampal alterations as known from Alzheimer’s disease such as atrophy,

inflammation (Chaalal et al., 2014) or amyloid-B peptide formation (Ghenimi et al.,
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2010) have been found in hypothyroidism and linked to memory impairment.
Moreover, the formation of new hippocampal neurons was found to be impaired
because of reduced survival of neural cell progenitors (Ambrogini et al., 2005; Cortés

et al., 2012; Desouza et al., 2005; Montero-Pedrazuela et al., 2006).

treated oI AN U BT

Figure 6: The expression of parvalbumin is increased in dentate gyrus and CA 1 regions of the
hippocampus in thyroidectomised hypothyroid rats and adequately treated rats. Parvalbumin
is a protein involved in LTP induction. Modified with permission from Fernandez-Lamo et al.,
2009.

The reported studies induced severe hypothyroidism in order to achieve proof of
principle in experimental models either by thyroidectomy or by applying high doses of
an anti-thyroid agent. A single study explicitly elicited only subclinical hypothyroidism
by partial thyroidectomy and again showed memory impairment alongside alterations
in the hippocampal signalling cascade (Ge et al.,, 2012). Studies may thus be
generalised to subclinical hypothyroidism as often encountered in clinical practice,

but more animal studies in mild hypothyroidism are needed.
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In the affective domain, hypothyroidism led to enhanced fear conditioning coinciding
with increased corticosterone release and a heightened number of corticosteroid
receptors in the amygdala (Montero-Pedrazuela et al., 2011). A genetically caused
form of brain hypothyroidism produced depressive and anxious behaviour that was
successfully treatable with hormone replacement (Pilhatsch et al., 2010) and reduced
survival of neural cell progenitors in the hippocampus could be associated with
depressive behaviour (Montero-Pedrazuela et al., 2006).

Although research has focussed on the hippocampus and related memory impair-
ment, other brain regions have been shown to be altered by hypothyroidism as well,
e.g. the amygdala as described above (Montero-Pedrazuela et al., 2011). Moreover,
T3 and T4 levels were undetectable or significantly reduced not only in hippocampus
and amygdala, but also in parietooccipital cortex, limbic forebrain, hypothalamus,
midbrain, cerebellum, medulla and frontal cortex (Broedel et al., 2003). Finally, levels
of the neurotransmitters dopamine, norepinephrine and serotonin have recently been
shown to be reduced in cerebral cortex, thalamus, midbrain, cerebellum and pons-
medulla (Hassan et al., 2013).

We will include an associative memory fMRI task known to elicit hippocampal activity
(Henke et al., 1997) in order to investigate hippocampal alterations in hypothyroidism
as suggested by animal research. In addition, we will study structural and resting-
state functional MRI of the whole brain in order to observe effects of the

pathomechanisms reported for several brain regions.
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3.2 Human brain imaging studies

Brain glucose metabolism and cerebral blood flow (CBF), measured by positron
emission tomography (PET) and single photon emission computed tomography
(SPECT), invasive brain imaging methods requiring the injection of radioactive
tracers, have reliably shown changes in overt and subclinical hypothyroidism.
Alterations proved reversible shortly after reestablishment of euthyroidism in some
studies (Constant et al., 2001; Bauer et al., 2009; Schraml and Beason-Held, 2010),
while others showed persistent alterations (Krausz et al., 2004; Nagamachi et al.,
2004).

Hypothyroid group vs. healthy control group before treatment
PCG

Relationship between changes in relative cerebral activity and changes in
depression somatic complaints
t-value

Y oo

AngdaIa

ACC

Figure 7: Group differences in glucose metabolism before treatment (a) and correlation of
treatment-related changes in metabolism with changes in clinical parameters (b). Figures
modified with permission from Bauer et al., 2009.

In terms of localisation, diffuse (Constant et al., 2001) or regionally specific alte-

rations have been reported, although reports include areas across all four brain
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lobules (Bauer et al., 2009; Krausz et al., 2004; Nagamachi et al., 2004; Schraml| and
Beason-Held, 2010). Direct associations between neural alterations and clinical
parameters such as thyroid hormone status, mood and cognition are far less studied.
Schraml and Beason-Held (2010) showed an association between TSH and CBF in
occipital cortex, psychomotor speed and precentral gyrus as well as depressivity and
frontal and thalamic areas during overt hypothyroidism. Bauer et al. (2009) showed
that the restoration of glucose metabolism was correlated with the normalisation of
TSH, symptom load and mood in anterior cingulate cortex and amygdala (see Fig. 7).
In addition to invasive brain imaging methods, a series of working memory task-
based fMRI studies in adult-onset hypothyroidism has been performed before and
shortly after treatment initiation. Reversible alterations in attentional load effects in
frontoparietal areas have been found (He et al., 2011; Yin et al., 2013; Zhu et al,,
2006). Task-based studies on other cognitive functions discussed in hypothyroidism
such as memory are lacking. No brain imaging study is known to us on associative
memory in adult-onset hypothyroidism in spite of extensive animal literature on
hippocampal involvement in hypothyroidism (see section 3.1). However, there is
evidence from teenagers with congenital hypothyroidism that hippocampal activity is
altered during an associative memory task despite unimpaired behavioural perfor-
mance (Wheeler et al., 2011).

Brain imaging studies explicitly on patients with Hashimoto’s thyroiditis have so far
been confined to SPECT analyses and have reliably shown diffuse hypoperfusion in
different samples including unmedicated euthyroidism (Piga et al., 2004), untreated
hypothyroidism (Kaya et al., 2007) and euthyroidism under adequate treatment
(Zettinig et al., 2003). In the adequately treated patients hypoperfusion was not
correlated with current TSH, TPO-ab levels, anxiety or depression, but only to the
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duration of the disease (Zettinig et al., 2003). These SPECT data suggest brain
alterations specific to Hashimoto’s disease, but data on other brain imaging modali-
ties are lacking and will be investigated here.

Two recent structural MRI studies in severely hypothyroid patients, published
concurrently with our own, report either widespread alterations in grey and white
matter (Singh et al., 2013) or a decrease in right hippocampal volume (Cooke et al.,
2014). However, both studies neither report behavioural measures nor treatment
effects, so that we do not know whether the reported findings are reversible and
related to symptoms. We will try to answer these questions here.

Brain imaging data on long-term treated hypothyroidism are scarce, but may well
differ from short-term treatment effects as suggested by persistent hypoperfusion
shown in long-term adequately treated Hashimoto’s disease patients (Zettinig et al.,
2003). A recent VBM study included longer-term treated Hashimoto’s thyroiditis
patients, but reports only a very specific correlation between a small region of interest
(left inferior frontal gyrus) and performance in a single task (Leyhe et al., 2013). More
data is thus needed on brain structure and function in long-term treated patients with
Hashimoto’s thyroiditis. We will include a respective patient group here.

Resting-state fMRI allows the study of functional connectivity, extending the analysis
of neural activity in isolated regions to the physiologically more valid assessment of
neural networks spanning several brain regions (Fox and Raichle, 2007). Connec-
tivity networks have been shown to be altered in related diseases such as Alzhei-
mer’s disease (Greicius et al., 2004). Therefore, we want to introduce it to the study

of hypothyroidism here.
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4 Rational of the experimental work

From the current state of the literature as summarised above, we derived the need
for the following experimental work:

The lack of appropriate disease-specific PROMs was identified and overcome by
translating and validating a set of existing English questionnaires. Furthermore, we
identified both newly diagnosed patients as well as longer-term adequately treated
patients as study groups of interest for the main MRI study, because both initial and
residual cognitive and affective symptoms have been reported and their neural
correlates may help us to understand their cause. Moreover, we saw the need for
paying special attention to independent effects of autoimmunity and thus included
patients with autoimmune thyroiditis and measured TPO-ab levels in serum in

addition to thyroid hormone levels.

Session 1 Session 2
MRI scan MRI scan
« VBM, rs-fMRI, task fMRI « VBM, rs-fMRI, task fMRI
Neuropsychology Neuropsychology
+ mood, cognition * mood, cognition
Blood sample Blood sample
« TSH, fT3, T4, TPO-Ab « TSH, fT3, fT4, TPO-Ab
1st day 8th day 3 month >

Study groups
Noy denosed | Diagnosis Medication -
patient group

Healthy control

group No medication

Figure 8: Schematic view of the study design.
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Finally, as to the level of analysis and hence the selection of the employed methods,
we wanted to bridge a gap between the mainly behavioural literature on human
patients and the invasive animal literature on pathomechanisms at a cellular level.
We therefore applied structural and functional MRI as well as thorough neuropsycho-
logical testing of mood and cognition within a single study. Fig. 8 provides a schema-
tic description of the study design.

We hypothesise that untreated and possibly also long-term treated patients show
mood and cognitive impairment that are associated with structural and functional
brain changes reflected by altered grey matter density, functional connectivity and
brain activity during an associative memory task in areas related to memory (hippo-
campus) and depression (amygdala) and respective brain networks. We hypothesise
that further brain areas are affected, especially those that showed altered glucose
metabolism during hypothyroidism (posterior cingulate cortex, subcallosal cortex) and

that brain changes are related to individual TPO-ab levels.
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lll Experimental Work

1 Publication 1: Quinque et al., 2013

Quinque et al. Heaith and Quality of Life Outcomes 2013, 11:68
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versions of ThyDQoL, ThySRQ and ThyTSQ

Eva M Quinque'”, Ao Villringer'?, Juergen Kratzsch® and Stefan Karger*

Abstract

Background: Disease-specific patient-reported outcorne measures (PROMs) have been developed as important
research tools in the study of various diseases. For hypothyroidism there exist three validated disease-specific
questionnaires in English: the Thyroid-Dependent Quality of Life Questionnaire (ThyDQol), the Underactive Thyroid
Symptom Rating Questionnaire (ThySRQ) and the Thyroid Treatment Satisfaction Questionnaire (ThyTSQ). We report
psychometric properties of new German versions of the questionnaires including construct validity from two
independent samples.

Methads: 230 envelepes with ThyDQol, ThySRQ and ThyTSQ were given out to patients receiving levothyroxine
for diagnosed hypothyroidism. Reliability and factor analyses were performed, correlations and hypothesised
subgroup differences calculated to assess psychometric properties. Independently, 18 patients with treated
hypothyroidism for autoimmune thyroiditis (Hashimoto's disease) and 18 healthy control subjects were enrolled in a
clinical study. Participants filled in the above questionnaires alongside well-known generic PROMs, eg. the Beck
Depression Inventory, the 12-item Well-Being Questionnaire and the Short-Form-36. Two blood samples were taken.
Groups were compared and correlations between disease-specific and generic instruments analysed. Relationships
between PROMs and biochemically determined thyroid hormone status were investigated.

Results: 102 patients returned completed questionnaires (response rate 44%). The newly translated guestionnaires
had satisfactory psychometric properties. Cronbach’s alpha was 0.92 for ThyDQol, 0.81 for ThySRQ and 0.86 for
ThyTSQ. For each of the guestionnaires, a single factor structure explained the data best. Adequately treated
patients with thyroid stimulating hormone levels in the upper normal range reported more symptoms in the
ThySRQ. Those with autoimmune hypaothyroidism reported being more bothered by depressive symptoms. Within
the clinical sample, correlation with well-known generic instruments revealed good construct validity. In the clinical
sample patients reported mare symptoms in the ThySRQ, being more bothered by tiredness, higher depression and
reduced well-being despite biochemically adequate treatment. Correlations between PROMs and biachemical
thyroid hormone status revealed moderate though consistent associations.

Conclusions: Psychometric properties including construct validity of German versions of the ThyDQol, ThySRQ and
ThyTsQ are satisfactory. Feasibility and sensitivity in a clinical sample could be shown. We encourage the use of
disease-specific PROMSs in future studies as important additions to generic instruments in clinical research on
hypothyroidism.
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Zusammenfassung

zwei unabhéngigen Stichproben.

Hypothyreose.

Hintergrund: Krankheitsspezifische Selbsteinschatzungsfragebdgen, so genannte ,patient-reported outcome
measures”(PROMSs), wurden als wichtige Forschungsinstrumente flir verschiedene Erkrankungen entwickelt. Far die
Hypothyreose wurden drei englischsprachige Fragebogen entwickelt: der Lebensqualititfragebogen zur
Schilddrisenunterfunktion (ThyDQol), der Symptomfragebogen zur Schilddrisenunterfunktion (ThySRQ) sowie ein
Fragebogen zur Behandlungszufriedenheit bei Schilddrisenunterfunktion (ThyTSQ). Wir stellen psychometrische
Figenschaften der neuen deutschen Versionen dieser Fragebdgen vor, inklusive Daten zur Konstruktvaliditat aus

Methoden: 230 Umnschlage mit ThyDQol, ThySRQ und ThyTSQ wurden an Patienten ausgegeben, die wegen einer
gesicherten Hypothyreose mit Levothyroxin substituiert wurden. Mit Hilfe von Reliabilitits- und Faktoranalysen,
Korrelationsanalysen und hypothesengeleiteten Subgruppenvergleichen wurden die psychometrischen
Figenschaften der Fragebdgen analysiert. 18 Patienten mit behandelter Hypothyreose autoimmuner Genese
{Hashimoto Thyreoiditis) sowie 18 gesunde Kontrollprobanden nahmen an einer unabhingigen Klinischen Studie
teil. Die Teilnehrner flllten zu den oben genannten auch bekannte generische PROMs aus, darunter das Beck
Depressions Inventar, den 12-ltem Well-Being Questionnaire und den Short Form-36. Zwei Blutproben wurden
entnemmen. Die Gruppen wurden verglichen und Korrelationen zwischen krankheitsspezifischen und generischen
Instrumenten sowie Zusammenhénge zwischen Fragebogendaten und Laborwerten berechnet.

Ergebnisse: 102 Patienten schickten ausgeflllte Fragebdgen an die Autoren zurick (Rucklaufguote 44%). Die neu
(bersetzten Fragebogen zeigten gute psychometrische Eigenschaften. Cronbach’s Alpha betrug 0.92 fur den
ThyDQol, 0.81 fir den ThySRC und 0.86 fir den ThyTSQ. Alle Fragebdgen wurden am besten durch eine
Einfaktorenldsung beschrieben. Patienten mit Thyroidea-stimulierendern Hormon (TSH} im oberen Normbereich
berichteten mehr Symptome im ThySRQ und digjenigen mit autoimmuner Genese starkere Beeintrichtigung durch
depressive Symptome. Die Konstruktvaliditét der Fragebdgen konnte durch erwartungskonforme Korrelationen zu
generischen Fragebdgen in der Klinischen Studie nachgewiesen werden. Die Patientengruppe berichtete trotz
normwertigem TSH mehr Symptome im ThySRQ, mehr Beeintrichtigung durch Midigkeit, sowie héhere
Depressionswerte und geringeres Wohlbefinden als die gesunde Kontrollgruppe. Wir kennten moderate aber
konsistente Zusammenhange zwischen den Fragebogendaten und den Laborwerten finden.

Schlussfelgerung: Die psychometrischen Eigenschaften der Fragebdgen ThyDQol, ThySRQ und ThyTSQ sowie ihre
Konstruktvaliditat sind zufriedenstellend. Machbarkeit und Sensitivitat der Fragebdgen in einer klinischen Studiie
konnten gezeigt werden. Die krankheitsspezifischen PROMs stellen eine wichtige Erganzung zu den generischen
Instrumenten dar, mit potentiellem Nutzen fur die zuklnftige Kinische Forschung auf dem Gebiet der

Background

Hypothyreidism or subclinical hypothyroidism affects 4
to 21% of the female population and 3 to 16% of the
male population [1]. Standard treatment for the highly
prevalent condition is replacement of thyroid hormone
by levothyroxine, artificial free thyroxine (fT'4) [2]. The
definition of the targeted normal range of thyroid
hormone level is, however, still under debate [3-5].
Moreover, it has been reported that among patients
receiving this treatment, well-being is reduced even if
euthyroidism is reestablished [6,7].

It is still an open issue where patients’ reports of un-
wanted symptoms result from [8]. Explanations discussed
are independent effects of thyroid auteimmunity, the
most common cause of hypothyroidism [9-11], insufficient
normalisation of thyroid hormone levels at target tissues
such as the brain despite normal serum hormene levels
[12], selection bias in seeking health care [13] or reactive
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processes to the awareness of having a chronic disease
[14]. Disentangling these possible causes has important
implications for treatment targets in this large patient
group. Crucial for successfully addressing the above issue
is the use of appropriate instruments to measure patient-
reported outcomes. It is important to differentiate between
perceived health status, psychological well-being and
quality of life as well as between generic and disease-
specific instruments [15,16]. All are valid and important
constructs to address patient-reported outcomes but
should be carefully distinguished to avoid misleading
interpretation of results. Symptom load has for example
often been interpreted as quality of life although perceived
symptoms may or may not influence quality of life in an
individual [15,16]. Health status is often cenfusingly
referred to as health-related quality of life [17]. It has been
shown for several clinical conditions such as peripheral
arterial disease or heart failure that disease-specific



Quingue et al. Health and Quality of Life Cutcomes 2013, 1168
http/ A halo.com/content/11/1/68

questionnaires are more sensitive to change [18,19].
However, most studies still use exclusively generic
questionnaires and often self-constructed symptom lists
to assess patient-reported outcomes in hypeothyroidism,
so reducing sensitivity to subtle effects and comparability
across studies [20-23].

The first hypothyroidism-specific instruments have
been developed and validated in recent years including
the Thyroid-Dependent Quality of Life Questionnaire
(ThyDQoL) [24,25]. The ThyDQol measures the impact of
hypothyroidism on quality of life in general and in selected
domains tailored to the disease and to individual realities
by including importance ratings for each domain. The
Underactive Thyroid Symptom Rating Questionnaire
(Thy8RQ) is in contrast a measure of hypothyroidism-
related symptoms and symptom bother [25]. Finally, the
Thyroid Treatment Satisfaction Questionnaire (ThyTSQ)
measures disease-specific treatiment satisfaction [24,26]. It
is designed to cover hypothyroidism-specific aspects such
as satisfaction with current medication and dose.

All three hypothyroidism-specific questionnaires have
been developed and validated in English and use of the
questionnaires in any other langnage needs validation in
an independent sample to examine psychometric validity.
Although necessary, this is a demanding and time
consuming procedure, possibly contributing to the
paucity of wvalidated translations. However, despite
known advantages over the use of exclusively generic or
non-validated instruments, the original questionnaires are
also relatively new, which may account for the fact that
they are not yet in widespread use. None of the validated
hypothyroidism-specific questionnaires available has been
evaluated for German so far, although interest in the field
is high in German speaking countries [10,21-23,27].

We are thas imtroducing the first three hypothyroidism-
specific PROMs in German to improve the array of
tools available for future research. We provide detailed
psychometric data including internal consistency and factor
structure of the questionnaires, as well as hypothesised
subgroup analyses. According to the literature we expect
more negative reports in patients with thyroid stimulating
hormone (TSH) in the upper normal range [28] and more
negative reports in patients with hypethyroidism of
autoimmune origin [10,27].

In addition, we have used the questionnaires in a
clinical study including 18 adequately treated patients
with hypothyroidism due to autoimmune thyroiditis
(Hashimoto’s disease) and 18 healthy control subjects.
The study also included a number of well-known generic
PROMs. Thereby, we were able to investigate construct
validity of the new questionnaires and feasibility in a
clinical context. We expect disease-specific and generic
instruments to be moderately correlated because similay,
though distinet, constructs are targeted. The clinieal study
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included assessment of TSH, fT4, free trilodothyronine
(fT3) as well as thyroid peroxidase antibodies (TPOAb)
and thyroglobulin antibodies (TgAb). This design allowed
imvestigation of the relationship between PROMs and
biochemical thyroid hormone status.

Methods

Linguistic validation

Linguistic validation was performed for ThyDQoL, ThySRQ
and ThyTSQ as previously described for similar instra-
ments [29]. English originals were translated into German
by two native German speakers, including a clinical ende-
crinclogist (SK) and recondled info a preliminary forward
translation by a psychologist (EQ). The resulting forward
translation was subsequently translated back into English
by each of two native English speakers. Any discrepancies
between original and back-translation were discussed
with the developer’s team and improvements made where
necessary. The resulting draft translation was then used
for cognitive debriefing interviews with five patients with
hypothyroidism of different origins, recruited from the
volunteer database of the Max Planck Institute for Human
Cognitive and Brain Sciences (MPI) and reimbursed for
their tirne. Example iteras of the final German versions can
be found in Figure 1.

Scoring of questionnaires

The scoring for the newly translated questionnaires
ThyDQoL, ThySRQ and Thyl'S5Q will be briefly
sumnmarised as explained in detail elsewhere [25,26].
The ThyDQol starts with two overview items on present
quality of life (present (oL} and impact of hypothyroidism
on quality of life in general {(impact on QoL). The first
ranges from excellent (3} to extremely bad (-3), the second
from wvery much belter (-3} to worse (1} withont
hypothyroidism. The 18-item main questionnaire asks for
impact of hypothyroidism on various domains of life such
as work life or sex life (see [25] for a complete list of do-
mains). Nine of the domains have a “not applicable” option
to guarantee individual relevance of the items. For each
domain, if applicable, respondents rate whether life in
this domain would be very much better (-3) to worse
{1) without hypothyreidism. In addition, respendents
rate the importance of the respective domain from
very important (3) to not at all important (0). A
weighted domain impact score is calculated by multi-
plying both ratings for each domain resulting in scores
ranging from —% (maximal negative impact of
hypothyroidism on quality of life) to 3 (maximal positive
impact of hypothyroidism). These scores can be summed
into an Average Weighted Impact Score (AWI-18, ranging
from -9 to 3) by summing all domain weighted impact
scores and dividing the result by the nember of ap-
plicable and completed domains if at least half of
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A - ThyDQoL
2 .
Arbeiten Sie zurzeit? Ja[] Nein []
Falls nein, méchten Sie
arbeiten? sad Nein []
Falls eine der Fragen mit ja beantwortet wurde, fiillen Sie bitte (a) und (b) aus.
Falls beide Fragen mit nein beantwortet wurden, machen Sie bitte gleich mit 3 weiter.
(a)| Wenn ich keine Schilddriisenunterfunktion hitte, ware mein Berufsleben:
sehr viel besser viel besser etwas besser genauso schlechter
(b)| Mein Berufsleben ist mir:
sehr wichtig wichtig etwas wichtig gar nicht wichtig
B - ThySRQ
1(a)| Haben Sie sich in den letzten Wochen miide gefiihit?
Nein |:| Falls nein, gehen Sie bitte zum n&chsten Symptom.
Ja |:| Falls ja, fillen Sie bitte (b) aus.
(b)| Falls ja, wie sehr hat Ihnen das zu schaffen gemacht?
Uberhaupt nicht ein bisschen mittel sehr

C-ThyTsQ

sehr zufrieden 6 5 4 3

(ThyDQol), (B) the Underactive Thyroid Symptom Rating Questionnai
Questionnaire (ThyTSQ).

1. Wie zufrieden sind Sie mit der derzeitigen Behandlung Ihrer Schilddriisenunterfunktion?

Figure 1 Sample items from the newly translated German versions of the (A) Thyroid-Dependent Quality of Life Questionnaire

2 1 0 sehr unzufrieden

re (ThySRQ), and (C) the Thyroid Treatment Satisfaction

the items are applicable and completed. In addition,
the AWI-14 can be calculated by excluding four
items which overlap with the ThySRQ. Finally, a free
comments section at the end allows respondents to indicate
further domains not covered in the questionnaire.

The 15-item ThySRQ requires a yes/no response on
whether each of the given hypothyroidism-related
symptoms such as feeling cold or weight gain has been
experienced in recent weeks (see [25] for a complete
list of symptoms). If experienced, the amount of bother
from the symptom is rated from not at all bothered (0)
to very much bothered (3). If a symptom is not experi-
enced bother rating for this item is zero.

The 7-item ThyTSQ covers several aspects of current
treatment satisfaction, e.g. general satisfaction with or con-
venience of treatment (see [24] for a complete list of items).
Items range from very satisfied (6) to very dissatisfied (0) or
equivalent. Range of the summed score is 0-42. The
ThyTSQ also offers a free comment section at the end.
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Patients and procedures
For the validation study 230 envelopes with questionnaires
were given out by local endocrinologists and the outpatient
department of the Clinic for Endocrinology at University
Hospital Leipzig. The questionnaires were accompanied
by a motivating letter and a questionnaire on basic
sociodemographic and disease details as shown in Table 1.
In the clinical study 25 patients with treated
hypothyroidism due to autoimmune thyroiditis inde-
pendent of the validation sample as well as 27 healthy
control subjects were enrolled after written informed
consent. Patients were recruited via internet advertisement,
local endocrinologists and the MPI’s volunteer database.
Healthy control subjects were recruited via the database
alone. The database consists of volunteers recruited via the
MPT’s website or via advertisement for former non-clinical
studies. All participants were reimbursed for their time.
The research protocol of both studies was approved by
the ethics committee of the University of Leipzig and
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Table 1 Characteristics of the sample for psychometric validation

Sample characteristics Mean sD Range N

Age (years) 435 163 19-75 101

Sex (female/male) 93/8 101

Marital Status Single/Married/Divorced Widowed 101

37/4812/4

TSH {mU/1) 220 395 002-350 90

Treatment duraticn {years) 748 694 0.2-390 9%

Current dose LT4* (pg/day) 979 424 0-250 99

Cause of hypathyreidism Autoimmune thyroiditis 75
Thyroidectomy for cold nodules cr nodular goiter 13
Ablative treatment for hyperthyroidism 7
Lithium treatment 1
Thyroidectomy — cause not specified 2
Missing 3

*two participants additionally received 7.5/10 ug T3 respectively **comorbid conditions with potential influence occurring in mere than ene participant:
depression (4), migraine (4), diabetes (4), asthma (3}, heart disease (2), polycystic ovary syndrome (2) and pregnancy (2); several patients had multiple comorbid
conditions. None of the non-reported rare comorbidities was a psychiatric illness. Abbreviaton: 5D - Standard Deviation.

was in accordance with the latest version of the Declaration
of Helsinki.

Patients in the clinical study filled in the three newly
transtated questionnaires ThySRQ, ThyDQoL and ThyTSQ
alongside well-known and validated generic instraments of
mood and well-being as part of a larger study. Healthy
control  subjects completed the same questionnaires
except for the ThyTS() and moest parts of the ThyDQoL
because they are not meaningful to healthy subjects. The
ThyTSQ explicitly asks questions about the satisfaction
with the treatment that healthy subjects do not receive and
the ThyDQoL asks for the quality of life in several domains
in the style “If I did not have underactive thyroid, my
working life would be...”. However, the first question of
the ThyDQoL asks for general quality of life and is thus
meaningfully answerable for healthy control subjects. The
ThySR( asks for symptoms independent of the disease, e.g.
“Have you felt tired in recent weeks?” which is also
meaningful to healthy control subjects. Please note
however that the use of any of the Thy questionnaires
in a healthy population has not been validated yet and
our study can thus only provide preliminary results.
General perceived physical and mental health status
was measured by the Short Ferm-36 (SF-36, [30]).
Higher values in the range of 0~100 in the two subscales
physical and mental health stand for better perceived
health. General mental strain was assessed by the Symptom
Check List (SCL-90-R, {31]), higher values in the range
of 0—4 meaning higher strain. General well-being was
measured with the 12-item Well-Being Questionnaire
(WBQ-12, [32]), higher values in the range of 036 indicate
better well-being. Generic instrurnents were given first
to prevent their interpretation being influenced by the
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cantent of the disease-specific instraments. Depression
was assessed by a questionnaire, the Beck Depression
Inventory {(BDI, [33]) and a structured interview, the
Hamilton Depression Scale (HDS, [34]), in both instra-
ments higher values mean greater amounts of depression.
Cut-off scores for clinical depression are eleven points for
the B and seven points for the HDS.

Basic sociodemographic data were asked for in written
form. In addition, fasting blood samples were taken in the
merming to assess TSH, {13, T4, TPOAD and TgAb. Blood
samples were analysed at the Institute for Laboratory
Medicine of the University Hospital Leipzig by the fully an-
tomated Roche cobas system (Roche, Basel, Switzerland).

Statistical analysis

All questionnaire items entering psychometric evaluation
were checked for normal distribution by investigating
histograms and skewness scores. Normality as checked
by histograms and Kolmogeorov-Smirnov tests for normal
distribution was not given for most variables. The skewness
threshold of +2.58 [26] was slightly exceeded by two
items (ThyDQol. item getting out -3.2, ThySRQ item
appetite 3.9). Reflect and log transformation did not
significantly reduce skewness in these variables (getting out
2.7, appetite 3.7), so that statistics were caleulated on the
original data, but nonparametric tests were chosen for
statistical analyses. Spearmans rho and Mann-Whitney
U-tests (MW -U-tests) were chosen for correlations and
group comparisons respectively and parametric tests
were employed for exploratory analyses only when ne
comparable nonparametric test was available, such as
partial correlation or analysis of covariance (ANCOVA).
Chi-square tests were used for comparison of nominal
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data. Statistical significance was accepted if p <0.05 for all
analyses and Benferroni correction for multiple testing
was applied where necessary.

Results

Sample evaluation study

102 questionnaires were returned anonymously in stamped
addressed envelopes to the first anthor between September
2011 and November 2012; the response rate was 44%. Due
to the anonymous design of the study no data were
available on the non-responders. One participant reported
not being treated yet and was thus excluded from any
analysis. Among those reporting TSH values, 68 were
within the normal range of 0.4-4.0 mU/1 ([35], see Table 1).
Seventy-one participants reported no or only symptom-free
comorbid conditions such as hypertension. Thirty reported
comorbidities likely to influence results (see Table 1)
and subgroup comparisons were controlled for these
influencing comerbidities.

Psychometric evaluation of the newly translated
instruments
As numbers for not applicable options were high in the
ThyDQeL (0% for family to 45% for depression) they
were coded as zero for factor and reliability analyses but
as not applicable for calenlation of the AWI-18 and
AWI-14. One participant did not fill in the ThyDQoL, for
all others the AWI-18 and AWI-14 could be calculated.
Completion rate in the remaining sample was between
95 and 100% per item. Genuinely missing items were
excluded for factor and reliability analysis, leaving 79
complete datasets for analysis. Unforced factor analysis
on the 18 weighted-impact scores produced 4 factors,
but the Varimax rotated factor loadings did not allow a
meaningful interpretation. The screeplot suggested a
single most important factor explaining 45% of the
variance. A forced one-factor sclution revealed that all
variables loaded saliently {above 0.30) on the single
factor, ranging from 0.36 {weight} to 0.82 (friendship
and physical ability) and all but the weight item even
above 040, implying robust findings [25]. Cronbach's
alpha was 092, and all variables had an acceptable
corrected item-total correlation above 0.20, ranging from
0.35 (weight) to 0.78 {physical ability). Thirty respondents
used the free comments section. Eleven mentioned
comorbidiies not included in the present questionnaire.
Six of forty-nine, or 12% of women of childbearing age
(18-40 years) mentioned involuntary infertility. Pertility
may thus be a potentially relevant domain for inclusion in
future versions of the ThyDQoL at least when targeting
YOUnger womern.

98 complete datasets were available for factor and
reliability analysis of the Thy5RQ. Two participants
missed one item each and one participant missed the
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final page {four items). Unforced factor analysis on
the symptom bother ratings revealed five factors.
However, the factors could not be interpreted in a
meaningful way and the screeplot pointed towards a
single factor selution. The forced 1-factor solution
explained 28% of the variance and variables loaded
between 0.20 (constipation) and 0.74 (concentration).
Only constipation loaded below 0.30 and nails (0.36)
below 0.40 on the single facter. Cronbach's alpha was
0.81. All variables except for constipation (0.13) had a
corrected item-total correlation above (.20 ranging
from 0.28 (nails) to 0.63 (concentration).

99 complete datasets were available for factor and
reliability analysis of the ThyTSQ. One participant
missed a single item and one the whole questionnaire.
Unforced factor amalysis produced a single factor as also
suggested by the screeplot. This factor explained 57% of the
vartance. All variables loaded robustly (above 0.40) on this
factor, ranging from 0.48 (convenience) to 0.89 (how well
working). Cronbach's alpha was 0.86. All variables had a
corrected item-total correlation above 0.20, ranging from
0.37 (convenience) to (.80 (how well working). Twenty-one
participants used the free comments section, but did so
only to stress points already covered by the Thy TS

Descriptive results and comparison to the English originals
The current sample (n=101) was significantly vounger
than the original sample (mean=44 vs. 55 years, one-
sample i-test p «<0.001; all comparison data from [25])
but comparable in the distribution of comorbidities. The
present sample mean of the AWE18 (n=100) was -1.50
(8D =14, range —5.7 to 0), indicating negative impact of
hypothyroidism on quality of life. People reported signifi-
cantly less impact on quality of life than in the original sam-
ple (mean=-311; p<0001). General quality of life was
rated as “good” (n= 100, mean =091, 8D = 0.95, range -2
te +3) not significantly different from the original sample
mean = 0.8% (p > 0.1) and general impact of hypothyroidism
on quality of life was rated as “a little better without
hypothyroidism” (n = 98, mean = ~0.88, SI? = 0.76, range -3
to 0 vs. mean = —1.25; p <0.001}, less negative than in the
original sample. Mean number of reported symptoms was
5.6 (n =98, SD» = 3.3, range 0-13), which is significantly less
than in the original sample (mean = 7.4; p < 0.001}. Sample
mean of the TSQ sum score was 31.6 (n=99, S =76,
range 10-42), comparable to the reference finding [25]
(mean= 32.5; p > 0.1).

Intercorrelations

Correlations were performed between the three new
questionnaires to investigate construct validity. For better
comparability between corvelations, data were excluded
listwise, resulting in n =91 complete datasets entered o
all analyses reported in Table 2.
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Table 2 Spearman correlations between the ThyDQol, ThyTSQ, and ThySRQ items
ThyDQol indices ThyDQoL ThyDQolL ThyDQolL ThyDQoL Impact ThyTsQ
AWI-18 AWIl-14 Present QoL on QoL sumscore
AWI13 _ 097* 051* 0.75*% 0.57*
AWI-14 = = 0.52% 0.72% 0.56%
Present QoL = = = 0.30% 0.48%
Impact on QoL _ _ _ _ 0.55%
ThySRQ symptom bether ratings
Tiredness —0.39** —039" —0.28% —0.34% —0.37%*
Weight gain —0.38% —033" —0.14ns. —0.34% —0.27%
Cold -023* —020ns. —027*% -014ns —0.07 ns.
Constipation —-013ns. —-009 ns. 008 ns. -018ns —0.16 ns.
Hair —0.29* —032% —027* —0.24*% —0.26%
Skin —0.35** —035" —0.26% —031% —0.26%
Nails —0.31%* —031% —023* —0.34** —0.21 ns.
Appetite —0.25% —0.23* —0.19 ns. -011ns —002 ns.
Hearing -0.14 ns, -012ns. —008 n.s. -0.13 ns Q.03 ns.
Voice -032%* -030% —030%* -005 ns -0.21%
Speech —0.37"* —035" —0.22% —0.25% —0.13 ns.
Memery —0.22% -020ns. —022*% -020ns —006 ns.
Concentration —0427%* —043" —047% -0.26% —043%*
Giddy —0.33% —032% —0.23% —0.31% —0.22%
Depressed —048% —046%* —056%* -027% —045%*

*p < 0.05, **p < 0.0033 corrected for multiple testing within ThySRQ symptom bother ratings. Abbreviations: ThyDQoL - Thyroid-Dependent Quality of Life
Questionnaire, ThySRQ - Underactive Thyroid Symptom Rating Questionnaire, ThyTSQ - Thyroid Treatment Satisfaction Questionnaire, AWl - Average Weighted

Impact Score, QoL - Quality of Life.

AWI-18 and AWI-14 showed a similar correlation pattern
to the ThySRQ items, so that spurious intercorrelations by
overlapping items between AWI-18 and ThySR(Q) can be
raled out and the original AWI-18 will be used for ali
further analyses. The single-item impact on QoL is highly
correlated with the multiple-itern AWI-18, so that we will
use only the AWI-18 for further amalyses. Correfations
between both AW scores and ThySRQ symptem bother
ratings ranged between —0.0% and —048 all in the expected
direction but of small to moderate size, implying that
symptom bother and impact on quality of life are related
but distinct constructs. Treatment satisfaction as measured
by the ThyT5Q showed low to moderate mainly negative
correlations with the ThySRQ symptom bother ratings
(range 0.03 to —-0.45) and moderate positive correlations
(range 048 to 0.57) with the different ThyDD(Qol. indices.
Treatment satisfaction is thus meaningfully related to but
separable from the other two disease-specific PROMs.

Forward models of multiple regression analysis revealed
that among those ThySR() items correlating significantly
with present QoL, depression (F(1,97) =425, p<0001)
and feeling cold (F(2,96) =251, p<0001) significantly
predicted present Qol, explaining 34% ol the variance. The
impact of hypothyroidism on quality of life (AWI1-18) was
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significantly predicted by depression (F(1,97) = 33.9), speech
prablems (F(2,96) =334), nall problems (F(3,95)=27.0)
and tiredness (F(4,94) = 22.3), explaining 49% of the vari-
ance, all p <0.001. Analogously, depression (F(1,96) = 24.2)
and tiredness (F(2,95)=15.7) significantly predicted
treatment satisfaction, explaining 25% of the variance,
all p < 0.001. The ThySRQ depression item alone explained
31% of the variance of present QoL, 26% of variance of the
impact of hypothyroidism on QoL and 20% of the variance
of treatment satisfaction.

Subgroup analyses

Subgroup analyses were performed with pairwise dele-
tion of missing items in order to reduce information loss
for the smaller sample sizes considered here. Within the
group of adequately treated patients (n=68) symptom
bother ratings of depression (r = 0.47, p < 0.001) and hair
{r=0.37, p<0002) correlated significantly with TSH,
depression even after Bonferroni correction (p <.0033).
Additionally, age correlated negatively with TSH (= -039,
p <.002). Therefore, an exploratory partial correlation
controlling for age was performed vielding the exact same
pattern as above, depression {r =044, p < 0.001) and hair
(r=042, p < 0.001) bother ratings correlating significantly
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even after Bonferroni correction. Similar results were
obtained when considering either the full sample with
available TSH values (n=91) or only adequately treated
patients with autoimmune thyroiditis (n=51). Again
depression was the only correlation surviving Bonferroni
correction (r=0.32, p<0.002) in the full sample or
just missing Bonferroni correction in the group with
autoimmiune thyroiditis (r=0.37, p < 0.009).

Comparing adequately treated patients split by median
TSH {(n =34 in both groups, TSH median = 1.44 mU/D
revealed that patients in the lower range were older
(49 vs. 40 years; p <0.05) but groups did not differ in
the amount of comorbidities (p » 0.1), explicitly depression
(n=2 in each group) nor gender {p > 0.1} or type of
diagnosis {autoimmune vs, other p = 0.1). Those in the
upper TSH range reported significantly more bother by hair
(1.3 vs. 0.5; p < 0.006), depression (1.4 vs. 0.6; pr < 0.003) and
concentration (1.2 vs. 0.7; p < 0.05) symptoms and overall
mare symptoms in the ThySRQ (6.4 vs. 4.8; p <0.05).
Exploratory ANCOVAs controlling for age revealed
that only hair {(p<0.007) and depression symptom
bother (p <0.005) differed significantly between TSH
groups independently of age. After Bonlerroni correction,
only depression symptom bother was significant before
controlling for age.

Among the adequately treated participants with known
cause of hypethyroidism those with sutoimmune thyroiditis
(n=51) were compared to those reporting a different
diagnosis (n=16). Groups did not differ in gender and
comorbidities, explicitly not in depression {n=2 in each
group), but in TSH (autoimmune 1.63 mU/l vs. other
105 mU/L p < 0.01) and age (40.9 vs. 57.3 years; p < 0.001).
The group with autoimmune thyroiditis reported sig-
nificantly higher bother ratings for depression (1.22 vs.
0.33; p<0.009) as well as reduced treatment satisfaction
(30.7 ws. 354; p<(05) before Bonferrom correction
(corrected p < .0033). In an exploratory ANCOVA with age
and TSH as cevariates the group effect on depression
remained significant on an uncerrected level.

Clinical sample
Tweo of the original 25 treated patients did not complete
the stady for reasons unrelated to disease status. Five of the
remaining 23 treated patients had to be discarded becaunse
of unstable doses or persistently heightened TSH levels.
Autoimmunity was either proven by positive TPOAD and/
or TgAb or hypeechogenicity at thyroid ultrasound fom
cinical records. Nine of the originally 27 healthy control
subjects had to be discarded for either positive TPOAD,
TgAb or heightened TSH levels in two consecutive blood
samples taken about 3 months apart, leaving 18 participants
in both groups, see Table 3.

Correlations between the newly translated hypothyroidism-
specific questionnaires and previously validated and

32

Page & of 12

published questionnaires on meod and well-being
revealed that all correlated in the expected direction
although only a subset reached significance, see Table 4.
Correlations are between small and moderate.

Comparison of clinical groups

ThyDQoL and ThyTSG are only meaningful to treated
patients as explained above. In a clinical study including a
control group only the ThySRQ and the ThyDQoL present
Qob item are thus meaninghul for group comparisens,
although their use in a healthy sample still needs independ-
ent evaluation and reported results here are of preliminary
nature. Comparison of the two groups in the clinical study
revealed several significant results or statistical trends, see
Table 5. Among the ThySRQ symptom bother ratings only
tiredness (7 < 0.003) reached significance after Bonferroni
correction. Results for the other ThySRQ symptoms are
not shown.

Correlation with thyroid parameters

Higher fT4 in the group of treated patients was correlated
significantly with lower impact of hypothyreidism on
quality of life as measured by AWI-18 {r=051) before
Bonferroni correction. Nene of the other thyroid parame-
ters correlated significantly with the questionnaire data.
However, in an exploratory inspection of the full correlation
table, the majority of correlations were in the expected
direction of more negative reports with worse thyroid
status for TSH, fI'4 and TPCOAD and between the generic
instruments and TgAb, see Table 6. Interestingly, for the
disease-specific questionnaires, this pattern: was completely
reversed for {13 and TgAb.

Discussion

Validity of the newly translated guestionnaires

All three questionnaires reached psychometric validity
comparable to the English originals and most impert-
antly, mostly reached the standards as laid eut in [25]
{(factor loadings on single factor >0.4, Cronbach’s
Alpha >0.8, Corrected item-total correlations >0.2). The
ThySRQ only slightly rnissed the robustly salient factor
loading for the items constipation and mail problems as
similarly reported for the original ThySRQ [25] and the
weight gain #em from the ThyDQoL missed the robust 0.4
loading, but still loaded saliently. The current sample was
on average 10 years vounger than the original sample and
reported slightly better status on ThyDQoL and ThySRQ,
but similar treatment satisfaction in the ThyTSQ. However,
the cument sample stil reported a negative impact of
hypothyroidism and an average of six symptoms despite
biochemically adequate treatment, which is in line with
previous literature reporting residual complaints [6,7].
Treatment satisfaction was in the moderately positive
range but with room fer improvement.
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Table 3 Characteristics of the clinical sample with treated hypothyroidism in proven autoimmune thyreid disease and

the healthy control group

Sample characteristics Treated patient group n=18 Healthy control group n=18 p-value
Mean sD Range Mean sD Range
Age (years) 322 960 [18-54] 321 890 [18-53] >0.1
Sex (female/male) 16/2 16/2 >0.1
TSH (mU/)* 1.96 142 [0.2 -53] 263 095 [09-50] <005
T3 (priol/)* 428 062 [32-58) 472 083 3.2-63] =007
T4 {prmoel/h* 182 161 [14-21] 156 224 [14-23] <0001
TPCAD (U/mi)* 140 132 [9-457] 102 214 [7-14] <0001
TgAb {U/mi)* 313 604 [5-2424] 173 747 [5-36) <0001
Treatment duraticn {years) 441 421 [-15 not applicable
Current dose (ug/day) 96.5 296 [50-150)

“aboratory values of initial blood sample, reference range was 0.4-4.0 for Thyroid Stimulating Hormone (TSH), 3.1-6.79 for free Triiodothyronine (fT3), 12.8-20.4 for
free Thyroxine {fT4), < 34 for Thyroid Peroxidase Antibodies (TPOAb) and < 33 for Thyroglobulin Antibodies (TgAb) [4,35]. Patients with slightly altered laboratory

values that spontaneously recovered to the normal range in a second blood sample taken 3-6 months later were considered as thyroid healthy or adequately

treated and included into the analysis. Abbreviaton: SD - Standard Deviation.

Due to the anonymous design of the study, which
allowed maximal data privacy and reduced bias due to
social desirability effects, ne data were available on the
non-responders. Howevey, our sample is comparable to
similar questionnaire studies on PROMs in treated
hypothyreidism, which include data on non-responders
according to age, sex ratio, cause of hypothyroidism,
percentage normal TSH levels, and disease duration.
Maoreaver, comparison of responders to non-responders
in these similar studies revealed only a slight bias with
respect to age and sex ratio [6,25,26]. Furthermore, our
sample showed a broad range and variance of disease
parameters (see Table 1) and reported severity of im-
pairment so that it is unlikely that the responders form
a highly selective group within the population of treated
patients with hypothyroidism.

Intercorrelation of ThySRQ items with ThyDQoL
replicated previcus findings [25] again showing the
AWI-18 can be used together with the ThySRQ without
causing spurious correlations by four shared items. We
here additionally included the ThyTSQ and found
compatable effect sizes of corvelations to ThySRQ items

and AWI-18 as already shown between the other two
questionnaires, implying that the three questionnaires
measure related but sufficiently separate constructs.
Among the ThySRQ items, it was depression that
explained most variance to predict present quality of life,
impact of hypothyroidism on quality of life and treatment
satisfaction, so depressive symptoms should be given
special attention when evaluating patient reports.
Higher depression bother rating was robustly asseci-
ated with higher TSH across adequately treated patients
or the whole sample. Interestingly, although no further
results reached significance, the large majority of corre-
lations above 0.20 were in the direction of lower normal
TSH values with better patient-reported outcomes. Our
results are in line with the literature proposing to treat
patients towards TSH levels in the lower normal range
[5,28]. However, treatrnent outcomes other than patient
reports have to be considered, such as effects on heart
function or cognition [8,36], especially in patients beyond
the age of 75 [37], in order to achieve optimal treatment for
the individual patient. Patients reporting autoimmune thy-
roid disease as opposed to other causes for hypothyroidism

Table 4 Spearman correlations between hypothyreidism-specific and generic patient-reported outcome measures in

traated patients

Specific vs. generic instruments ThyDQol present QoL

ThyDQol AWI-18

ThySRQ symptom number ThyTSQ sumscore

Short Form-36 physical 040 033 -Q.15 033
Short Form-36 mental 029 030 -0.39 031
WBQ-12 0.53% 0.64% —-061% 047
SCL-%0-R —048* —0.53* 0.58* —0.51*
Harrilton Depression Scale —053% —049% 045% —Q.74%
Beck Depression Inventory —0.56% —062% 0.29 -0.61%

*p < 0.05 **p < 0.002 Bonferroni corrected. Abbreviations: WBQ - Well-Being Questionnaire, SCL - Symptormn Check List, ThyDQolL - Thyroid-Dependent Quality of
Life Questionnaire, ThySRQ - Underactive Thyroid Symptom Rating Questionnaire, ThyTSQ - Thyroid Treatment Satisfaction Questionnaire, AWI - Average
Weighted Impact Score, QoL - Quality of Life.
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Table 5 Patient-raported outcome measures in patients
with autoimmune thyroid disease and matched healthy
control subjects

Patient-reported Treated Healthy p-value
outcomes patient group  control group
n=18 n=18

Mean sD Mean sD
ThySRQ symptom number® 544 283 293 263 <005
ThyDQal Present QoL 117 092 1.61 078 ns.
Hamilton Depression Scale 6.00 376 372 235 =006
Beck Depressicn Inventory®  5.67 465 300 355 <005
Short Form-36 physical 5480 850 5607 507 ns.
Short Form-36 mental 4293 1114 4928 681 =009
WEBQ-12 2372 536 2778 444 <005
SCL-90-R 0.39 028 0.35 033 ns.
ThySRQ tiredness* 1.67 091 0.60 063 <0.0033

*Only available in n =15 healthy control subjects, excluding the same subjects
for all analyses does not change any of the results. Abbreviations: SD -
Standard Deviation, WBQ - Well-Being Questionnaire, SCL - Symptom Check
List, ThyDQoL - Thyroid-Dependent Quality of Life Questionnaire, ThySRQ -
Underactive Thyroid Symptom Rating Questionnaire, QoL - Quality of Life.

reported significantly more bother by depressive symptoms,
in line with claims of an independent role for autoimmunity
in residual symptoms [9-11].

Clinical study
Carrelations between hypothyroidism-related questionnaires
and generic instruments in the clinical sample were all in

Table 6 Spearman correlations between laboratory values
and patient-reported outcomes in the group of treated
patients

Laboratory results - TSH  fT3 fT4 TPOAb TgAb
patient-reported outcomes

ThyDQolL AW-18 023" 004 051" —019' 0077
ThyDQol Present Qolresent  —023' —0287 030" -001" 0197
QoL

ThySRQ number symptoms 02 0098 -031' 015" —021?
ThyTs80 017" -039% 039" -002' 00s?
Short Form-36 physical —037" —007% 021" -033" -004'
Short Form-36 mental 18’ 0?7 —008® 0270 0207
SCL-90-R 00s' 002 -023' 024" 024
WBQ-12 015" 00s' 038 -012' -003
Hamilton Depression 019" 010> -040" 043" 027
Scale Scale

Beck Depression Inventory 0122 —0a6' —040' 006" 006

*p < 0.05, "in the expected direction, 2against the expected direction.
Abbreviations: WBQ - Well-Being Questionnaire, SCL - Symptom Check List,
ThyDQolL - Thyroid-Dependent Quality of Life Questionnaire, ThySRQ -
Underactive Thyroid Symptom Rating Questionnaire, ThyTSQ - Thyroid
Treatment Satisfaction Questionnaire, AWI - Average Weighted Impact Score,
QoL - Quality of Life, TSH - Thyreid Stimulating Hormone, fT3 - free
Triiodothyronine, fT4 - free Thyroxine, TPOAb — Thyroid Peroxidase Antibodies,
TgAb - Thyroglobulin Antibodies.
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the expected direction. The effect size was small to
moderate, meaning that the new disease-specific ques-
tionnaires do share common variance with the generic
nstruments but also hold distinct variance to the more
generic instruments. They are thus valid additions for
future studies. Those disease-specific questionnaires
applicable also to healthy control subjects (ThySRQ
and the present QoL item of ThyDQoL) proved to be
as sensitive in detecting subtle differences in small clinical
samples as the well-established generic instruments. It is
remarkable that descriptively all results were in the
expected direction of more negative patient reports in the
treated patient group adding to the literature on residual
symptoms despite biochemically adequate treatment [6,7].

Cnly a few correlations between hormone levels and
patient-reported outcomes in treated patients reached
significance, possibly due to the low power of the study.
However, TSH, T4 and TPOAb consistently correlated
in the expected direction of more negative PROMs with
worse biochemical status, and being most pronounced in
the disease-specific questionnaires. This, though necessarily
preliminary, favours a subtle relationship between certain
biochemical thyroid hormene markers within the normal
range and PROMs in treated patients. In contrast, {13 and
TgAb showed a reverse (fT3) or inconsistent (TgAb)
relationship to PROMSs, in line with clinical routine
that does not consider them as valid markers of thyroid
hormonal status. Interestingly, TPOAD were equally
related to patient-reported outcomes as TSH and £14.
This is in line with literature considering autoimmunity as
an independent factor for treatment ocutcome [10,27].

We acknowledge the small sample size of the clinical
study. However, our sample size is comparable to other
clinical studies [23] in the field and it is thus important
to show that instruments are also sensitive enocugh to
detect group differences in small samples as shown here.
Among the Thy questionnaires, we found significant
group differences for the number of reported symptoms
in the ThySRQ and for the tiredness item, but not for
the overall quality of life question in the ThyD>QoL.
These results should be interpreted with caution as the
use of the questionnaires in healthy control subjects has
not been validated so far, but are still of preliminary
interest to encourage further validation and use of the
questionnaires in cross-sectional stadies including healthy
control subjects. Our clinical sample was of a young age
range in order 10 excdude effects of aging and comorbidities
on the data, and thus does not contribute to research on
possible specificities of hypothyroidism in the elderly such
as beneficial effects on the coronary system in patients over

85 years, which leads to reduced mortality [37]. Therefore,
treatment targets a slightly higher TSH value in the very
elderly. Studies on quality of life and perceived symptoms
in this age group are not known to us and would be
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difficult to interpret, because symptoms of hypothyroidism
greatly resemble those of general aging and therefore are
prone to cenfusion in eldedy subjects [37]. Qur findings
therefore cannot be extended to the very elderly. Most
importantly however, the 10-year age difference and stron-
ger severity of reported symptoms between our evaluation
sample and the original one [25] did not influence the find-
ings on the psychometric properties of the questionnaires,
so that our main finding, the sufficient psychometric quality
of the questionnaires can be generalised to the use in young
and middle aged cohorts.

Finally, the majority of participants were female, owing
to the gender bias in the prevalence of the disease, as a
consequence of which our results can only be generalised
reliably to the female population and the study included
only patients already on treatment for hypothyroidism, so
that the interpretation is confined to the group of already
treated patients.

Conclusions

The three hypothyroidism-specific PROMs ThyDQol,
ThySRQ and ThyTS$Q, introduced here as new German
franslations, show good psychometric properties and
meaningful relations to TSH. In a small clinical sample
we have found preliminary evidence for censtruct valid-
ity with well-established generic instruments and for a
relationship to thyroid laboratory measures. We thus
reconunend thera for vse in clinical studies and encourage
further linguistic validation into other languages to improve
available research tools as a prerequisite for progress in
clinical research on hypothyroidism.
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KEYWORDS Abstract The current study investigated neuropsychological and underlying structural and
Hypothyroidism; functional brain alterations in long-term adequately treated patients with Hashimoto’s thyroiditis
Hashimoto’s thyroiditis; in order to examine much discussed residual complaints in patients in relation to possible long-
Thyroidperoxidase term neural alterations with a specific interest in the underlying autoimmune process.

antibodies; Eighteen patients with treated hypothyroidism due to Hashimoto’s thyroiditis (mean age 32,
MRI; range 18—54 years; two males; mean treatment duration 4.4 years) and 18 healthy matched
VBM; control subjects underwent 3-Tesla magnetic resonance imaging (MRI). Voxel-based morphometry
Restingstate; was used to investigate grey matter density, resting-state functional MRI to analyse the brain
fMRI; connectivity of areas known to be altered in hypothyroidism and event-related functional MRI to
Event-related fMRI; examine brain activity during associative memory encoding. Neuropsychological assessment
Associative memory; included memory, working memory, psychomotor speed and attention. We previously reported
Cognition; subclinically reduced mood in this study population and investigated its neural correlates here.
Mood Thyroid stimulating hormone, free triiodthyronine, free thyroxine and thyroid peroxidase anti-

bodies were measured in serum.

We did not find cognitive deficits or alterations in grey matter density, functional connectivity
or associative memory-related brain activity in comparison to the control group and cognition was
unrelated to thyroid serum measures in the patient group. Thyroid peroxidase antibodies in the
patient group correlated with increased grey matter density in right amygdala and enhanced

* Corresponding author. Tel.: +49 341 9940 2412; fax: +49 341 9940 2221.
E-mail address: weig@cbs.mpg.de (E.M. Quinque).

0306-4530/$ — see front matter © 2014 Published by Elsevier Ltd.
http://dx.doi.org/10.1016/j.psyneuen.2014.01.015

37



Magnetic resonance imaging of the brain, cognition and mood in Hashimoto’s thyroiditis

189

connectivity between subcallosal and parahippocampal areas. Treatment duration was associated
with brain structure in frontal and cccipital cortex and connectivity between left amygdala and
frontal cortex. Mood correlated with brain areas associated with distinct functional networks, but
not with those most prominently affected in depression.

In conclusion, no cognitive or neural alterations were detected in this young and otherwise
healthy cohort of patients in comparison to a healthy control group and current mood status could
not be related to depression-related networks. However, autoimmune activity and treatment
duration showed a relationship with depression and hypothyroidism-related brain structure and
function. They are thus promising factors to further investigate residual complaints despite
biochemically adequate treatment in patients with Hashimoto’s thyroiditis. Given the small
sample size, all findings require replication.
© 2014 Published by Elsevier Ltd.

1. Introduction

Hypothyroidism or subclinical hypothyroidism affect about
8% of the female and 3% of the male population. Standard
treatment is replacement of thyroid hormone by levothyr-
oxine, artificial free thyroxine. However, it has been
reported that among patients receiving biochemically ade-
quate treatment, well-being {Saravanan et al., 2002; Wek-
king et al., 2005) and cognitive performance remain reduced,
although reports about cognition are less consistent with
some studies reporting residual deficits {Wekking et al.,
2005; Correia et al., 2009) and others not {(Miller et al.,
2006). It is still an open issue where residual alterations
result from. Explanations discussed are insufficient normal-
isation of thyroid hormone levels at target tissues such as the
brain despite normal serum hormone levels (Panicker et al.,
2009), independent effects of thyroid auteimmunity by thyr-
oid peroxidase antibodies (TPQ-ab}), the most common cause
of hypothyraidism (Ott et al., 2011), selection bias in seeking
health care (Kong et al., 2002} and reactive processes to the
awareness of having a chronic disease (Ladenson, 2002).
Disentangling these possible causes has important implica-
tions for treatment strategies. The current study wants to
contribute to the discussion by studying the target organ of
interest, the brain, and individual TPO-ab activity.

Changes in brain metabolism and regional cerebral blood
flow measured by positron-emission tomography (PET) and
single photon-emission computed tomography {SPECT) have
reliably been reported in hypothyroidism and proved rever-
sible in some studies (Baueretal., 2009; Schraml and Beason-
Held, 2010}, whereas others showed persevering alterations
after short-term treatment {Krausz et al., 2004; Nagamachi
et al., 2004). In terms of localisation, areas across all four
brain lobules have been reported {Nagamachi et al., 2004},
also in a recent structural magnetic resonance imaging {MRI}
study on untreated patients (Singh et al., 2013} using voxel-
based-morphometry (VBM), a method allowing voxel-wise
comparison of grey matter density {(Ashburner and Friston,
2000). One PET study was able to show a direct relationship
between the restoration of brain metabolism with treatment
and the normalisation of thyroid stimulating harmone (TSH),
symptom load and mood in anterior and posterior cingulate
cortex, amygdala and hippocampus (Bauer et al., 2009).
These areas therefore are most likely to help us understand
residual complaints in long-term treated patients. Task-
based functional MRI (fMRI} studies in hypothyroidism have
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focused on working memory and have shown fully reversible
alterations in attentional load effects in frontoparietal areas
{Zhu et al., 2006). No brain imaging studies are known to us
on other cognitive functions discussed in adult-onset
hypothyroidism such as associative memory, although animal
research suggests hippocampal involvement {Alzoubi et al.,
2009) and altered hippocampal activity during associative
memory has been shown in teenagers with congenital
hypothyroidism (Wheeler et al., 2011). A behavioural study
found impaired associative encoding also in adult-onset
short-term treated hypothyroidism (Correia et al., 2009).
Resting-state fMRI is a relatively new method that allows the
investigation of neural activity between brain areas during
rest, representing an important feature of the brain, orga-
nisation in functional networks. It thus ideally supplements
structural MRl methods such as VBM that are confined to the
study of brain regions in isolation {Fox and Raichle, 2007). We
used resting-state fMRI to investigate functional networks of
areas known to be involved in hypothyroidism {Bauer et al_,
2009) and to explore the neural correlates of mood.

Brain imaging studies have mainly focused on untreated aor
short-term treated hypothyroidism and effects of long-term
hormone supplementation are little known. Only two studies
examined longer-term treated patients, both focusing on
autoimmune thyroid disease. The first found diffuse hypo-
perfusion using SPECT (Zettinig et al., 2003), the other only
reported a very specific correlation between grey matter
density in left inferior frontal gyrus and attention using VBM
{Leyhe et al., 2013). More data is thus needed on long-term
treated Hashimoto’s disease, which is of great clinical impor-
tance because it is a chronic condition requiring lifelong
hormone substitution and thus patient numbers are large.

Another focus of the study is the autoimmune activity
ongoing in Hashimoto’s thyroiditis independent of the hor-
mone substitution. It has been shown that patients with
adequately treated Hashimoto’s disease (Ott et al., 2011)
and antibody positive members of the general population
{Grabe et al., 2005) have a heightened risk for depression
and anxiety. A placebo-controlled study showed that TPO-ab
activity can be reduced by selenium supplementation along-
side subjective health improvement (Gartner et al., 2002).
Brain imaging studies on patients with Hashimota’s thyroiditis
are limited to three SPECT studies showing diffuse hypoperfu-
sion across treatment and thyroid hormone status {Zettinig
etal., 2003; Pigaetal., 2004; Kaya et al., 2007) and the single
VBM study mentioned above {Leyhe et al., 2013). The data
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suggest brain alterations in Hashimoto’s disease, but data an
other brain imaging modalities are lacking.

We have thus included 18 currently euthyroid patients on
stable doses of levothyroxine for hypothyroidism due to
autoimmune thyroiditis (Hashimoto’s disease), and 18
healthy matched control subjects. Brain MRI included struc-
tural {VBM) as well as resting-state and event-related fMRI in
order to investigate grey matter structure, functional con-
nectivity and brain activity during associative memory
encoding. The study design included laboratory assessment
of TSH, TPO-ab, free triiodothyronine (fT3) and free thyrox-
ine {fT4). Moreover, we used mood parameters from Quinque
et al. (2013) for correlation analyses and performed a high-
load cognitive test battery to detect subtle deficits in func-
tions discussed in hypothyroidism: memory, warking memory,
psychomotor speed and attention {Wekking et al., 2005). In
order to reduce noise within neuropsychological, laboratory
and MRI data, we performed all measurements twice and
averaged the data {Van Dijk et al., 2010). In addition to
comparing the two study groups, we correlated laboratory
measures with cognition and MRI parameters in the patient
group to investigate associations between current biochem-
ical thyroid status, most importantly TPO-ab activity and
cognition, brain structure and function. Moreover, mere
effects of duration of treatment on the above parameters
were analysed. In summary, the design allowed investigation
of residual behavioural and neural alterations in long-term
adequately treated patients with Hashimoto’s thyroiditis.

2. Methods
2.1. Sample and procedure

Twenty-five patients with levothyroxine treated hypothyr-
oidism due to autoimmune thyroiditis and 27 healthy control
subjects were enrolled and reimbursed for their time.
Patients were recruited via internet advertisement, local
endocrinologists and the institute’s volunteer database,
healthy control subjects via the database alone. Two patients
did not complete the study for reasons unrelated to disease
status. Five patients and nine healthy control subjects had to
be excluded due to unstable doses or thyroid laboratory
values outside the reference range. The research protacol
was approved by the ethics committee of the University of
Leipzig and was in accordance with the latest version of the
Declaration of Helsinki. All participants took part in five study
visits, first, an information session to obtain written informed
consent, second, a neuropsychological test session of 2.5h
and thirdly an MRI session of 1.5h including blood with-
drawal. The second and third visits were repeated in iden-
tical form after three to six months. Neuropsychological
testing and MRI session were generally performed within
one week and groups did not differ in the mean interval.
For organisational reasans, 9 of the 72 analysed session pairs
had longer intervals between 9 and 39 days.

2.2. Neuropsychological data collection
Participants reported basic sociodemographic data and filled

in a series of patient-reported outcome measures as reported
in Quinque et al. (2013} and performed a neuropsychological
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test battery. The tasks were selected to cover all functions
discussed in hypothyroidism at a high-load level in order to
detect possibly subtle deficits. Testing included intelligence
screening (Schmidt and Metzler, 1992} for matching pur-
poses, tests on verbal memory (word list learning: California
Verbal Learning Test, Niemann et al., 2008 and story recall:
Wechsler-memory scale, WMS logical memory, Wechsler,
1987), working memory span (WMS digit and block span),
attentional speed (Testbatterie zur Aufmerksamkeitspriifung,
TAP reaction times of subtests alertness, working memory and
divided attention, Zimmermann and Fimm, 2007 and of Trail-
Making-Test, TMT, Reitan and Wolfson, 1993}, sustained atten-
tion {Paced Auditory Serial Addition Test, PASAT, Gronwall,
1977, TAP working memory errors and misses) and attention
lapses {TAP misses of subtests alertness and divided attention,
TMT errors).

2.3. MRI data acquisition

MRI was performed on a 3-Tesla MAGNETOM Verio scanner
{Siemens, Erlangen, Germany) equipped with a 32-channel
head array coil. We acquired T1-weighted images as well as
resting-state and event-related fMRI. During the latter par-
ticipants performed an associative memory encading task
adapted from Sperling et al. {2003}, see Fig. 1. FLAIR images
were acquired for neurological screening of the subjects.
Total time in the scanner was 60 min per visit, see supple-
mental material for acquisition details.

2.4, Blood sample

Fasting blood samples were taken in the morning between
6.45am and 10amdirectly before the MRl scan to assess levels
of TSH, fT3, fT4, TPO-ab and thyroglobulin antibodies, the
latter only for ensuring thyroid health of the control group.
Patients refrained from taking their medication before the
blood withdrawal. Blood samples were stored at —80 °C and
analysed at the Institute for Laboratory Medicine of the
University Hospital Leipzig by the fully automated Roche
cobas electrochemiluminescence system (Roche, Basel, Swit-
zerland). The sensitivity of the assays was 0.005 mlU/L,
0.4 pmol/L, 0.3 pmol/l and 51U/ml for TSH, fT3, fT4 and
TPO-ab. The measurements were done during clinical routine
analysis in parallel with the analysis of quality control sam-
ples. The intra- and interassay coefficients of variation for
quality control samples (n > 117) were exemplified <3.2% for
TSH (1.64 and 8.39mlU/l), <3.3% for fT3 (5.64 and
23.5 pmol/l), <4.8% for fT4 (16.0 and 48.0 pmol/l} and
<10.3% for TPO-ab (38.1 and 108.21U/ml) for this time
frame.

2.5. General data analysis

All data were averaged over the two test sessions to increase
sensitivity by reducing noise (Van Dijk et al., 2010} as no
systematic changes were expected for any of the two groups
investigated for any of the parameters. Chi-square tests were
used for comparison of nominal data, t-tests or analyses of
covariance (ANCOVAs) for group comparisons and Pearson
correlations for correlating biochemical thyroid status with
cognition and MRI data in the patient group. All correlation
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A

Stimulus
7

fits

Response

doesn‘t fit

Which name belongs to this face?

Richard Jacob

Fig. 1

151

fits  doesn’tfit

Response 2

How certain are you
about your response?

unsure

free timing

Example trial of (A) the associative memory encoding task performed during event-related functional magnetic resonance

imaging and (B) the offline retrieval task performed in the scanner directly after the functional scan. Abbreviations: ISI—inter-

stimulus-interval.

analyses with MRI data were corrected for age and sex.
Statistical significance for behavioural data was accepted
if p < 0.05 and for MRI data if p < 0.001 at voxel level and
p < 0.05 at family-wise error corrected cluster size level.
Bonferroni correction for multiple testing was applied where
necessary.

Those three mood parameters that showed significant
impairment in the treated patient group as reported in
Quinque et al. (2013) were used for correlation analyses with
MRI data in the patient group. These were depression mea-
sured by the Beck Depression Inventory (Hautzinger et al.,
1994), disease-specific symptom load measured by the
hypothyroidism symptom questionnaire (ThySRQ, McMillan
et al., 2008) and well-being measured by the generic well-
being questionnaire-12 (Witthaus et al., 2001). Finally, treat-
ment duration was correlated with MRI data in the patient
group to investigate possible influences of the duration of
medication, an approximation of the duration of the disease,
on brain structure and function.

2.6. Neuropsychological data analysis

SPSS statistics version 19 was used for analyses. ANCOVAs
were used to compare the two groups. For the correlation
analysis individual task results were z-transformed and aver-
aged into summary scores representing the four cognitive
domains memory, working memory, psychomotor speed and
sustained attention, see Table 2. The standardised summary
scores were then correlated with biochemical thyroid status.
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2.7. MRI data analysis

T1-weighted images were preprocessed using standard para-
meters of the VBM8 toolbox for longitudinal data (http://
dbm.neuro.uni-jena.de/vbm.html) for SPM8 (Wellcome Trust
Centre for Neuroimaging, University College London, Lon-
don, UK; http://www.fil.ion.ucl.ac.uk/spm), running on
Matlab version 7.11 (Mathworks, Cambridge, UK; http://
www.mathworks.com) using methods described in Ashburner
and Friston (2005), see supplemental material. In order to
increase sensitivity to regions shown to be affected in
hypothyroid patients, the group analyses were done whole
brain and in a region of interest (ROI) approach using six
regions derived from Bauer et al. (2009) including left and
right hippocampus, left and right amygdalae, posterior cin-
gulated cortex and subcalossal cortex, see supplemental
material. All analyses were additionally controlled for total
intracranial volume and nonstationary cluster correction was
applied (Hayasaka et al., 2004).

Image preprocessing of the resting-state data was per-
formed with Freesurfer, Functional magnetic resonance ima-
ging of the brain Software Library (FSL) and Analysis of
Functional Neurolmages (AFNI) standard scripts distributed
by 1000 Functional Connectome Project (http://fcon_1000.-
projects.nitrc.org) run on SPM8 and in-house scripts written
in Matlab. The same six regions used as ROIs for the VBM
analysis were entered as seed regions. An additional func-
tional connectivity analysis was performed with those areas
as seeds that revealed a significant correlation between grey
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matter density and mood in the patient group (see Supple-
mental material).

Task-based fMRI data was preprocessed with standard
procedures, see supplemental material. Trials of the asso-
ciative memory task were classified into remembered trials
defined as correctly identified at retrieval with subjective
certainty, all others were classified as forgotten. In addition,
the overall percentage of correctly identified trials was
registered. Behavioural performance was compared between
groups. For each participant two first-level maps were gen-
erated, one contrasting nullevents to all encoding trials
{ALL_NULL contrast), the other encoding trials of subse-
quently remembered trials to those that were forgotten
(REM_FOR contrast). Onesample t-tests were performed
for both groups separately in order to investigate the general
task network.

3. Results

3.1. Sample

In the final sample, 18 currently euthyroid treated patients
with hypothyroidism due to proven autoimmune thyroiditis
and stable levothyroxine doses and 18 healthy matched
control subjects were included. All participants were free
of other chronic diseases and lifetime psychiatric or neuro-
logical illnesses. All included control subjects were thyroid
healthy and TPO-ab and thyroglobulin antibody negative.
Samples were matched for age, sex, intelligence and TSH,
see Table 1. Groups were additionally matched for handed-
ness {one left per group), smoking status {three smokers per
group) and use of estrogen containing contraceptives (five
patients, six control subjects). All subsequent analyses were
controlled for age, sex, TSH, fT3 and fT4 to ensure ideal
matching for biochemical thyroid status (Samuels et al.,

2007). Analyses were repeated with control for age and
sex alone to investigate group differences under the influ-
ence of differences in biochemical status between treated
and healthy participants.

3.2. Neuropsychology

Results of the high-load neuropsychological test battery are
summarised in Table 2. The single significant group difference
showed better learning performance in the patient than the
control group, but would not survive multiple comparison
correction. Furthermore, none of the domain summary
scores was significant and there was no descriptive trend
in favour of any of the two groups investigated. Without
control for differences in biochemical thyroid status again no
significant group differences emerged that would survive
Bonferroni correction. Attention lapses were generally very
rare, see Table 2, so that the data were not used for further
correlation analyses.

Correlation between the four cognitive domains investi-
gated and biochemical thyroid status in the patient group
revealed a significant correlation between fT3 and psycho-
motor speed that would however not survive correction for
multiple comparisans, see Table 3 for exact results. Explora-
tive inspection of the whole correlation table revealed only
small or inconsistent relationships between current biochem-
ical thyroid status and cognition.

3.3. Voxel-based morphometry

There were no significant differences in grey matter density
between the two groups. Increasing the sensitivity of the
analysis by means of an ROl analysis reducing the analysis to
the six areas identified to be related to hypothyroidism
by Bauer et al. (2009) also revealed no significant group

Table 1 Characteristics of the clinical sample with adequately treated hypothyroidism in proven autoimmune thyroid disease and
the healthy control group.
Sample characteristics Treated patient group n=18 Healthy control group n=18 p-Value
Mean SD Range Mean SD Range
Age (y) 32 9.6 18—54 32 8.9 18-53 >0.1
Intelligence (1Q) 107 7.9 95—122 108 9.3 93—125 >0.1
Sex (female/male) 16/2 16/2 >0.1
TSH (mU/l)’ 2.0 1.1 0.4—4.1 2.5 0.7 0.9-3.6 >0.1
T3 (pmol/l)” 4.3 0.6 3.3-5.5 4.7 0.7 3.4-6.0 <0.5
T4 (pmol/L)” 18 1.6 14-21 16 2.2 14-23 <0.001
TPO-ab (U/ml)” 140 132 9—457 10 2.1 7—14 <0.001
Pulse (beats/min)~ 71 71 58—82 70 8.2 56—86 >0.1
Systolic B 118 13 96—133 116 9.1 106—139 =>0.1
Diastolic BP™ 77 9.6 6284 74 4.7 66—80 >0.1
Treatment duration (y) 4.4 4.2 1-15 not applicable
Current dose (ug/day) 97 39 50—-150 not applicable

* Reference range was 0.4—4.0 for thyroid stimulating hormone (TSH), 3.1-6.79 for free triiodothyronine (fT3), 12.8-20.4 for free
thyroxine (fT4}), <34 for thyroid peroxidase antibodies (TPO-ab} (Kratzsch et al., 2008). Patients for whom laboratory values exceeded the
reference range only in one of the two sessions were considered as thyroid healthy or adequately treated and included into the analysis.

“ Only available in 17 patients and 15 control subjects.

™ Only available in 15 control subjects. Abbreviations: SD—standard deviation, y—years, IQ—intelligence quotient with population

mean = 100, SD = 15, min—minutes, BP—blood pressure.
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Table 2  Raw scores and derived domain z-sceres of the neuropsychological test battery and results of group comparisons by means
of analyses of covariance controlling for age, TSH, fT3 and fT4 (model 1) or for age alone (model 2).

Treated patient group Healthy control group p-Value p-Value
n=18 n=18 model 1 model 2
Verbal memory 0.03+0.7 —-0.03+£0.9 >0.1 >0.1
CVLT immediate recall A1 8.75+2 9.06 £2 >0.1 >0.1
CVLT learning A5 15.0 £1 14.3 +£1 =0.034 =>0.1
CVLT inference list B 6.61+2 6.36 +1 >0.1 >0.1
CVLT short delay free recall 14.2+2 13.8+2 >0.1 >0.1
CVLT long delay free recall 14.3+2 13.8+2 >0.1 >0.1
WMS immediate story recall 34145 35.9+5 >0.1 >0.1
WMS delayed story recall 31545 329+7 >0.1 >0.1
Working memory span —0.20£0.6 0.21+£0.8 >0.1 >0.05
WMS Digit span forward 6.18 +£1 6.44 +1 >0.1 >0.1
WMS Digit span backward 4.82+1 4.78 +1 >0.1 >0.1
WMS Block span forward 5.50+1 6.03+1 >0.1 >.05
WMS Block span backward 526 +1 5.90 +1 >0.1 =.007
Psychomotor speed 0.09+0.5 -0.09+0.7 >0.1 >0.1
TAP alertness tonic RT (ms) 234428 232 £32 >0.1 >0.1
TAP alertness phasic RT (ms) 230+ 26 230 + 32 >0.1 >0.1
TAP working memory RT (ms) 584 + 122 595 + 106 >0.1 >0.1
TAP divided auditory RT (ms) 568 + 83 542 + 66 =>0.1 =>0.1
TAP divided visual RT (ms) 760 £ 55 735 £ 45 >0.1 =>0.1
TMT A time (s) 20945 19.6 £5 =>0.1 >0.1
TMT B time (s) 47.1 +£12 45.0 £+ 13 >0.1 >0.1
Sustained attention —0.06 £0.8 0.06 £ 0.7 >0.1 >0.1
PASAT 2.4 errors 6.47 +7 5.22+4 >0.1 >0.1
PASAT 1.6 errors 1517 9.86 £7 >0.1 >0.1
TAP working memory errors 1.36+3 1.944+2 >0.1 >0.1
TAP working memory misses 0.86 £1 1.61+1 >0.1 >.05
Attention lapses 0.10+0.5 -0.10+0.4 >0.1 >0.1
TAP alertness tonic misses 0.08 £0.3 0.03+£0.1 >0.1 >0.1
VTAP alertness phasic misses 0.06 +£0.2 0.03+£0.1 >0.1 >0.1
TAP divided auditory misses 0.35+0.7 0.03£0.1 >0.1 >.05
TAP divided visual misses 0.64+0.7 0.36 £ 0.6 >0.1 >0.1
TMT A errors 0.19+0.3 0.25+0.5 >0.1 >0.1
TMT B errors. 0.31+£0.3 0.42+£0.6 >0.1 >0.1

Abbreviations: CVLT—California Verbal Learmning Test, WMS—Wechsler memory scale, TAP—Testbatterie zur Aufmerksamkeitspriifung, RT—
reaction time, TMT—Trail-Making-Test, PASAT—paced auditory serial addition test.

differencesat the corrected significance level { p < 0.0083).
The same results were found when controlling for age and
sex alone.

Correlation analysis between grey matter density and bio-
chemical thyroid status revealed that TSH was correlated with
reduced grey matter density in left anterior cingulate cortex
{p = 0.007, peak voxel at Montreal Neurological Institute (MNI)
coordinates x = —8 y =42 z=3, cluster size 103 voxels) and
TPO-ab with increased grey matter density in right amygdala
{p=0.031, peak voxel 33 2 —26, 52 voxels). Correlation with
mood parameters revealed a positive correlation between
depression and grey matter density in right postcentral gyrus
{p=0.007, peak voxel 3 —30 51, 521 voxels), left superior
frontal gyrus {p < 0.001, peak voxel —6 2458, 323 voxels}and
left cuneus (p = 0.038, peak voxel —4 —76 34, 279 voxels) and
a negative correlation with grey matter density in left middle
temporal gyrus {p=0.004, peak voxel —60 —7 —27, 290
voxels). In addition well-being was negatively correlated to
grey matter density in left temporal pole (p =0.005, peak
voxel —44 5 —24, 103 voxels) see Fig. 2. The explorative
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functional connectivity analysis revealed several distinct net-
works (see Supplemental material results and Fig. S1).
Treatment duration in the patient group was positively
correlated with right supracalcarine cortex (p = 0.046, peak
voxel 3 —84 9, 76 voxels) and negatively with right inferior
frontal gyrus {p=0.049, peak voxel 56 24 1, 60 voxels).

3.4. Resting-state functional connectivity

Groups did not differ in offline-assessed pulse or blood
pressure (see Table 1), so that important confounders of
resting-state activity are unlikely to account for the current
results. Resting-state functional networks of six regions
identified to be altered in untreated hypothyroidism {Bauer
et al., 2009} were not significantly different between groups,
even at an uncorrected significance level. The same results
were found when controlling for age and sex alone. Correla-
tion analysis of the connectivity maps with biochemical
thyroid status showed a correlation between fT4 and reduced
connectivity strength between left amygdala and right
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Table 3 Pearson correlations between biochemical thyroid parameters and cognitive domains in the patient group.

TSH fT3 T4 TPO-ab
Verbal memory 0.08 -0.21 -0.10 0.01
Working memory span —0.25" 0.12" 0.11" —0.02"
Psychomotor speed —0.42 —0.54" —0.41" —0.26
Sustained attention 0.17! —-0.19" -0.28" 0.07'

“p=0.022.

" In the expected direction; abbreviations: TSH—thyroid stimulating hormone, fT3—free triiodothyronine, fT4—free thyroxine, TPO-ab—

thyroid peroxidase antibodies.

middle temporal gyrus (p = 0.002, peak voxel 54 —21 -9, 70
voxels) as well as between subcallosal cortex and right
frontal pole (p=0.004, peak voxel 21 51 0, 68 voxels).
TPO-ab levels were correlated with increased connectivity
between subcallosal cortex and left parahippocampal gyrus
(p=0.002, peak voxel —39 —15 —18, 72 voxels). Mood
parameters did not correlate with functional connectivity
even at an uncorrected cluster size level of p < 0.05, but
treatment duration correlated significantly with increased
connectivity between left amygdala and two frontal regions
(right superior p = 0.008, peak voxel 6 54 39, 54 voxels, right
middle p=0.002, peak voxel 36 0 42, 73 voxels), see
Fig. 2.

resting-state connectivity

3.5. Task-based fMRI

Patients remembered the association between name and
photograph in 49% of the trials (SD = 14) and control subjects
in 40% of the trials (SD = 13). Overall percentage of correct
trials was 74% (SD = 8) in the patient group and 67% (SD = 9) in
the control group. There were no significant group differ-
ences for number of remembered trials (F(1,30)=2.75;
p > 0.1) or percentage correct (F(1,30) =0.53; p>0.1) in
the main analysis, but if controlling for age alone there was a
trend for more remembered trials in the patient group
(F(1,33)=3.92; p=0.056) and percentage correct even
reached significance (F(1,33)=6.14; p=0.019). In order to

treatment duration

treatment duration

‘:\7;‘33“ \

\

W positive corr.
negative corr.
seed region

Fig. 2 Significant correlations between biochemical thyroid status, mood, treatment duration and brain structure (VBM) and
function (resting-state connectivity) at MNI coordinates of the respective peak voxel. Images are presented in sagittal or coronal view
oriented with neurological convention. Abbreviations: VBM—voxel-based morphometry, MNI—Montreal Neurological Institute, TSH—
thyroid stimulating hormone, TPO-ab—thyroid peroxidase antibodies, fT4—free thyroxine, corr—correlations.
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Fig. 3 Task network of the associative memory encoding paradigm in both groups, results of onesample t-tests controlled for age and
sex are shown on sagittal brain slices oriented with neurological convention.

remove any influence of task performance on MRI results, the
subsequent analyses were corrected for percentage correct.

Contrasting all trials to baseline revealed a widespread
task positive network in both groups including bilateral
occipital and frontal areas, precentral gyri, fusiform cor-
tices, hippocampi, thalami, posterior parietal areas and the
cerebellum. This network included the expected areas for
visual perception, face perception, associative learning and
planning of finger movements (see Fig. 3).

No group difference was found in the task activity whole
brain or within the ROIs associated with hypothyroidism,
most notably not within hippocampus. The same results were
found when controlling for age and sex alone. The control
group showed significantly greater activity for remembered
than forgotten trials in left temporal fusiform cortex
(p < 0.001, peak voxel —42 —70 —5, 203 voxels) and right
lateral occipital areas (p < 0.001, peak voxel 27 —82 19, 580
voxels) in a onesample t-test corrected for age and sex, that
was not found in the patient group. However, direct compar-
ison revealed no significant group difference. As the
REM_FOR contrast was not found in the patient group, cor-
relation analysis was only performed for the ALL_NULL con-
trast. The ALL_NULL contrast did not correlate with
laboratory parameters, mood or treatment duration.

4. Discussion

There was no evidence for any cognitive deficit in long-term
levothyroxine-treated patients with Hashimoto’s thyroiditis
neither in a high-load neuropsychological test battery cover-
ing memory, working memory, psychomotor speed, sustained
attention and attention lapses nor in an associative memory
task performed during fMRI acquisition. Even when refraining
from ideal matching for biochemical thyroid status the
groups did not differ. If any, we found a trend in favour of
better performance in the patient group. Previous studies
report data either in line with the current findings (Miller
et al., 2006; Kramer et al., 2009) or showing residual impair-
ment in distinct cognitive domains (Wekking et al., 2005;
Samuels et al., 2007; Leyhe et al., 2008). It is possible that
cognitive deficits only become apparent in patients with less
cognitive reserve but not in an otherwise young, healthy and
highly-educated population as studied here. The overall
evidence concerning residual cognitive deficits in adequately
treated patients remains, however, controversial and needs
further investigation. In order to avoid biased conclusions, it
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is however of essential importance not to disregard the
accumulating null findings.

We did not find significant correlations between cognition
and biochemical thyroid status and no consistent pattern
when exploring the full correlation table. This adds to a vast
literature on the absence of an association between cognitive
performance and thyroid hormone levels across patient and
healthy populations and different age groups (Samuels et al.,
2007; Booth et al., 2013; Castellano et al., 2013). In a care-
fully controlled intervention study, small levothyroxine dose
changes resulting in altered TSH levels within the normal
range did not influence cognitive performance (Walsh et al.,
2006). Finally, it is important to note that fT4 and fT3 levels
measured in the blood do not inevitably mirror their levels in
the brain. T4 and T3 are taken up by astrocytes and T4 is
subsequently converted to T3 by type-2 deiodinase (D2)
enzyme and transported to neurons. Only T3 activates tran-
scription of target genes in the neuron. Alterations in D2
enzyme activity would therefore lead to impaired conversion
of T4 to T3 and thus contribute to alterations in neural
function. However, the clinical significance of D2 alterations
is still under investigation and should therefore be considered
with caution (Fliers et al., 2006).

We did not find grey matter changes in long-term levothyr-
oxine-treated Hashimoto’s patients on a whole-brain level or
in hypothesised regions of interest, similar to Leyhe et al.
(2013). The second available VBM study on overtly hypothyr-
oid patients found diffuse alterations (Singh et al., 2013), but
so far there is no evidence for residual grey matter changes in
adequately treated patients. We equally did not find any
differences in functional connectivity between the two
groups. As this was the first study employing resting-state
fMRI in hypothyroid patients more studies are needed to
further investigate functional connectivity alterations. It is
still of relevance that we were unable to find alterations in
networks of regions shown to be affected by hypothyroidism
(Bauer et al., 2009). Finally, we did not find group differences
in associative memory task-induced brain activity, most
importantly not in the hippocampus. This is in line with
research on hypothyroid rats, which showed hippocampal
and memory alterations that were fully reversible with
levothyroxine treatment (Alzoubi et al., 2009), but contrasts
a study on adolescents with congenital hypothyroidism,
which showed increased hippocampal activity during a mem-
ory task despite long-term adequate treatment (Wheeler
et al., 2011).
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Correlation results are necessarily preliminary due to the
small sample size. Grey matter density in left subgenual
anterior cingulate cortex (ACC) correlated with higher TSH
in the treated patient group, a region identified to show
reduced glucose metabolism during hypothyroidism (Bauer
et al., 2009) and, in the contralateral analogue region, an
association with change in TSH after treatment initiation.
Higher fT4 in the patient group led to reduced resting-state
functional connectivity between left amygdala and right
middle temporal gyrus as well as between subcallosal cortex
and right frontal pole, both part of the depression netwark
{Quidé et al., 2012}. This is in line with our own findings that
showed a consistent association between higher fT4 and
reduced depression scores {(Quinque et al., 2013}). TPO-ab
levels were related to increased grey matter density in right
amygdala and to increased connectivity between subcallosal
cortex and parahippocampal gyrus, all related to the depres-
sion and fear network (Quidé et al., 2012). Given the
reported increase in anxiety and depression in auteimmune
thyroid disease {(Grabe et al., 2005; Ott et al., 2011), this may
have a specific neural carrelate in the described regions. So
far, only diffuse hypoperfusion was found in long-term ade-
quately treated Hashimoto’s thyroiditis (Zettinig et al.,
2003), so that our more specific findings certainly need
further exploration e.g. by experimentally manipulating
TPO-ab activity by selenium supplementation {Gartner
et al., 2002).

Depression and well-being were related to grey matter
density in several distributed areas that belonged to distinct
networks (Beckmann et al., 2005; Fox and Raichle, 2007;
Wang et al., 2012}, but none to areas associated with affect
such as the ACC, limbic structures or the medial frontal
cortex (Quidé et al., 2012; Wang et al., 2012). These areas
have been shown to be related with depression in untreated
hypothyroid patients (Bauer et al., 2009; Schraml and Bea-
son-Held, 2010), who showed higher depression scores than
our sample, so that the relationship may only become appar-
ent in more severely depressed patients. Moreover, we did
not find correlations between mood and resting-state con-
nectivity. It thus remains unclear where reported residual
complaints result from (Saravanan et al., 2002; Wekking
et al., 2005).

The duration of treatment was assaciated with an increase
in grey matter in right supracalcarine cortex and a decrease
in the right inferior frontal gyrus, both regions shown to be
altered in hypothyroid patients {Krausz et al., 2004; Naga-
machi et al., 2004; Singh et al., 2013). Connectivity strengths
between left amygdala and right superior and middle frontal
cortex increased with treatment duration, areas associated
with depression and untreated hypothyroidism {Bauer et al.,
2009; Schraml and Beason-Held, 2010; Singh et al., 2013). It
may thus be hypothesised that transient hypothyroid states
over the course of the progressive disease may result in
chronic brain changes known from untreated hypothyroid-
ism, but this idea needs further investigation by longitudinal
studies cavering a longer time span.

We acknowledge the small sample size of n=18 per
group. It is comparable to other clinical brain imaging
studies (Bauer et al., 2009 n=13; Singh et al., 2013
n=10) in the field that were able to show differences in
untreated hypothyroidism. However, as treated hypothyr-
oidism is expected to produce less severe deficits we still
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cannot rule out that our sample size is too small to detect
more subtle group differences and larger studies are needed
before drawing any definite conclusions. Our clinical sample
was of a young age range in order to exclude effects of aging
and comorbidities on the data, and thus does not contribute
to neural and cognitive effects of hypothyroidism in the
elderly. Estrogen therapy has shown a differential age and
disease status effect, in such that estrogen substitution is
beneficial in healthy neurons but accelerates cell death due
to oxidative stress in already diseased cells {Zhao et al.,
2005). Similar age effects are likely for neural effects of
thyroid hormone substitution. Brain imaging studies so far
have concentrated on young to middle aged samples except
for one population-based study that indeed shows an asso-
ciation between high normal fT4 levels and hippocampal
atrophy {de Jong et al., 2006). Furthermore, cognitive
functions show a curvilinear relationship to fT4 levels in
the elderly {Hogervorst et al., 2008), suggesting that treat-
ment should carefully be controlled in both directions in the
elderly. Furthermore, we have only included subjects on
adequate doses of levothyroxine, so that results only apply
to patients currently meeting the reference range. More-
aver, the majority of participants were female, owing to the
gender bias in the prevalence of the disease, as a conse-
quence of which our results can only be generalised reliably
to the female population.

In conclusion, in a carefully controlled study design
employing high-field structural and functional MRI as well
as detailed high-load neuropsychological assessment, we
were not able to show cognitive deficits or neural brain
changes in long-term adequately treated patients with Hashi-
moto’s thyroiditis in comparison to a healthy control group.
Moareover, biochemical thyroid status was unrelated to cog-
nitive performance. Given the small sample size we cannot
completely rule out the possibility of a false negative finding.
While we find indications for an association between mood-
related brain areas and netwarks and both TPQ autoimmunity
and treatment duration and suggest them as promising lines
of future research, larger datasets are necessary before
drawing any definite conclusions. The search for neural
correlates of current mood status revealed results that were
less consistent with previous findings in depression and
hypothyroidism. The search for neural correlates of residual
complaints in adequately treated patients with Hashimoto’s
thyroiditis thus warrants further study.
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3 Treatment initiation effects

In addition to the long-term treated patient group described in publication 2, we have
also studied a newly-diagnosed patient group to investigate treatment initiation
effects. Acquisition and analysis procedures were almost identical to those reported

in publication 2. Therefore, | will here only report specifics of this study arm.

Sample

Eleven patients newly diagnosed with hypothyroidism due to autoimmune thyroiditis
were recruited via local endocrinologists, screening of blood donors and among
participants of an ongoing large population-based study (LIFE study). One patient
had to be excluded due to a benign brain anomaly, another because hypothyroidism
could not be confirmed at study entry. Nine healthy control subjects (as described in
detail in publication 2) were selected to match the patients in age, sex and

intelligence.

Data analysis

Data of the first session was compared between groups to establish alterations in
untreated hypothyroidism by means of t-tests for independent samples. Treatment
initiation effects were assessed by paired t-tests to measure changes in the patient
group between the sessions. Moreover, the interaction between session and group
was calculated from analyses of covariance in order to investigate whether changes
over the sessions were specific to the patient group. Lastly, the second session was

compared between groups in order to find out whether patients reverted to a control
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group level with treatment, again by means of t-tests for independent samples. All
analyses were controlled for age and sex. Pearson correlations were used to corre-
late changes in mood and biochemical thyroid status with change in brain structure

and function.

Results

In the final sample, nine newly diagnosed patients and nine healthy control subjects
were included (see table 1 for an overview of sample characteristics). All participants
were free of lifetime psychiatric or neurological illnesses, one patient received
constant hypertensive medication. Data for one patient each were missing for the
memory fMRI task and the resting-state fMRI due to technical problems and
panicking, respectively. A corresponding control subject was excluded for the

respective analyses to maintain matching of the groups.

Table 1: Sample characteristics and results of group comparisons at both sessions (pre/post
treatment), changes between the sessions in the patient group, and the interaction between
session and group.

Patient group Control group *Group **Change ***Inter-
n=9 n=9 comparison action

Age (years) 4245 388 n.s.
Sex 1 male 1 male n.a.
Intelligence (1Q) 10410 10718 n.s.

pre post pre post pre post patients
TSH (mu/) 6.1+1 3.4+1 2.9+1 2.5+1 <.01 =.08 <.01 <.01
fT3 (pmol/) 4.8x1 46:1  45:1 44:04 ns.  ns. n.s. n.s.
fT4 (pmol/) 12642  157+2 14.9+1 145+1 <05 ns. <01 <01
TPO-ab (UMl pg5.184  2g7:184 1122 9:3 <01 <01 n.s. n.s.

*p-values of t-tests between the groups at both sessions, **p-values of a paired t-test within the patient
group on changes between the two sessions *** p-values of the interaction between session and
group calculated by analyses of covariance. Reference range was 0.4-4.0 for thyroid stimulating hor-
mone (TSH), 3.1-6.79 for free triiodothyronine (fT3), 12.8-20.4 for free thyroxine (fT4), < 34 for thyroid
peroxidase antibodies (TPO-ab), Kratzsch et al., 2008. Abbreviations: n.s. — not significant, n.a. — not
applicable.
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Levels of TSH and fT4 were significantly altered in the hypothyroid state and reverted
to normal levels with treatment, although there was still a trend (p=0.08) for higher
TSH values in the patient group. fT3 was within the normal range throughout and
was not altered with treatment, whereas TPO-ab levels were constantly higher in the

patient group (see Tab. 1).

Table 2: Mood parameters pre- and posttreatment initiation in hypothyroid patients and healthy
controls and results of group comparisons, changes with treatment in the patient group and
interaction between session and group.

Patient group Control group *Group **Change ***Inter-
n=9 n=9 comparison action
pre post pre post pre post patients
Beck depression
. 6.0+5 3.0+2 2.8+3 2.6+2 =10 ns. =.08 n.s.
inventory
Hamilton
. 6.4+4 2.6+2 3.8+3 2.6+2 n.s. n.s. <.01 =.09
depression scale
WBQ-12 2315 27+4 29+3 304 <05 ns. <.05 n.s.
SCL-90 1.3+0.2 1.1x0.1 1.2+0.2 1.1+0.1 =09 ns. <.05 =.06
Short Form 36 —
. 55+6 53+10 55+4 55+3 n.s. n.s. n.s. n.s.
physical health
Short Form36 —
45+8 52+5 5245 515 <.05 n.s. <.05 <.05
mental health
ThySRQ 6.9+3 3.8+2 2.8+2 3.2+2 <.01 n.s. <.01 <.05
ThyDQoL 1.240.7 1.8+0.7 1.6+0.7 1.6+0.6 n.s. n.s. <.05 <.05

*p-values of t-tests between the groups at both sessions, **p-values of a paired t-test within the patient
group over the two sessions *** p-values of the interaction between session and group calculated by
analyses of covariance. Abbreviations: n.s. — not significant, WBQ — Well-Being Questionnaire, SCL —
Symptom Check List, ThySRQ —Underactive Thyroid Symptom Rating Questionnaire, ThyDQolL —
Thyroid-Dependent Quality of Life Questionnaire.

Patients showed reduced well-being (WBQ-12, Witthaus et al., 2001), perceived
mental health (Short Form 36-mental, Bullinger and Kirchberger, 1998) and more
hypothyroidism-related symptoms (ThySRQ, McMillan et al., 2008) compared to the

control group and a trend for higher depressivity (Beck depression inventory, Haut-
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zinger et al., 1994) and more psychological strain (SCL-90, Franke, 2002) in the
hypothyroid state. After treatment initiation differences to the control group were no
longer detected. All but perceived physical health improved in the patient group and
the interaction between session and group was significant for a subset of measures
(see Tab. 2).

There were no significant group differences in performance in any of the cognitive
tasks at any session and no significant interaction, but an expected learning effect
over time for a subset of tasks in both groups (data not shown). We did not find any
differences in grey matter density even before treatment onset, unspecific changes
over time in both groups, but no interaction between session and group (data not
shown). We found no change with treatment in resting-state functional networks in
the patient group nor was there a significant interaction. Two connectivity differences
at session one turned out to be caused by unspecific changes in the control group
(data not shown). In the fMRI memory task, patients outperformed the healthy control
group behaviourally at session two (percent correct patient group: 73+8, control
group: 62+11; p<0.05), the same descriptive trend was there at session one (percent
correct patient group: 70+9, control group: 64+8, p>0.1). As interpretability of the
functional data would thus be very limited, we did not analyse the task-based fMRI
data further. Planned correlation analyses of the change in brain structure and
function with changes in thyroid hormone levels and mood showed no coherent

relationship (data not shown).

Discussion
We found subclinically reduced mood in mildly hypothyroid patients that recovered
with treatment. In contrast, we found no evidence for cognitive deficits, grey matter
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alterations or functional connectivity changes and no systematic associations with
thyroid hormone levels or mood. The observed mood normalisation with treatment
possibly mirrors a placebo effect as a recent review (Dayan and Panicker, 2013) has
shown that the effect is only observed in studies employing healthy control groups as

used here, but not when compared to placebo control groups.
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Figure 9: Comprehensive summary of brain imaging studies on hypothyroidism, depicting
sample sizes (green bars) and TSH levels (blue symbols) in the hypothyroid and treated state
(if available).

Although sample size was small (n=9), it is comparable to other clinical brain imaging
studies in the field that were able to show differences in untreated hypothyroidism
and partly changes with treatment (see Fig. 9, green bars). However, our subjects
showed milder hypothyroidism at study entry and accordingly lower changes in
thyroid hormone levels with treatment (see Fig. 9, blue symbols). From an experi-

menttal perspective, our patient group is ill-suited to show proof of principle of
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changes due to hormonal action, as the effect size of the independent variable is
small. From a clinical perspective however, this group is especially interesting as it is
still debated whether to treat or not to treat mild subclinical hypothyroidism (Owen
and Lazarus, 2003; Vanderpump, 2003).

In addition to altered thyroid hormone levels, the patient group showed significantly
heightened TPO-ab activity throughout the study. However, this did not lead to
significant group differences. This does not support the idea of an independent influ-
ence of thyroid autoimmunity on cognition, mood and brain (Géartner et al., 2002;
Leyhe et al., 2008), but given the limited power of the study, may as well be a false
negative finding.

In summary, in this study on treatment initiation in mild autoimmune hypothyroidism
we cannot rule out the possibility of a false negative finding in cognition, brain struc-
ture and function nor a placebo effect concerning mood normalisation and hence
cannot draw any definite conclusions. In order to avoid publication bias in the field
commonly suffering from low power due to recruitment difficulties, we have made our
dataset publically available for sharing to improve meta-analyses (Poldrack and

Gorgolewski, 2014; http://neurovault.org/collections/169/).
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IV Discussion and Outlook

The experimental findings have already been discussed in the respective sections.
Here, | will therefore concentrate on more general issues that have arisen during the
course of the research project.

Sample size in both study arms of the MRI study was small (n=18 treated patients,
n=9 newly diagnosed patients), but comparable to other MRI studies in the field. Low
power is thus an endemic problem of the research area, mainly performed in
developed countries where hypothyroidism is usually detected at an early stage, so
that severe cases are rare. Additional constraints due to either requirements of the
MR technique (no ferromagnetic implants, no tattoos) or experimental considerations
(age limit, exclusion of comorbidities) further limit the number of available subjects.
Therefore, options to increase subject numbers should be considered for future
studies in order to increase the robustness of findings. Firstly, data from large
population-based studies may be used (see also discussion below and outlook).
Secondly, multicentre studies may be initiated. Thirdly, data should be made
available at adequate levels of detail for later meta-analyses, including null findings to
avoid bias. The NeuroVault project allows the publishing of unthresholded statistical
maps of brain imaging data to share results at a whole-brain level rather than just
reporting peak activations (Poldrack and Gorgolewski, 2014). We have uploaded
results of both MRI study arms there (http://neurovault.org).

Interest in thyroid function has been high in large population-based samples that
have recently emerged thanks to computational advances in handling such large
datasets. Many were published concurrently with or after the current study, resulting

in substantial new evidence concerning hypothyroidism and both mood (7 studies
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with 1000 to 33.000 participants) and cognition (11 studies with 81 to 2000 partici-
pants) that are relevant to our own findings and shall thus be discussed below. The
studies consistently report impairment of mood independent of biochemical thyroid
hormone levels in long-term treated patients (Jorgensen et al., 2014; Panicker et al.,
2009b; van de Ven et al., 2012a). In contrast, people with unknown incidental
hypothyroidism or high normal TSH values did not show reduced mood (de Jongh et
al.,, 2011; Jorgensen et al., 2014; Klaver et al., 2013; Kvetny et al., 2014; Medici et
al.,, 2014; Panicker et al., 2009b; van de Ven et al., 2012a, 2012b). The authors
consistently conclude that unspecific factors such as comorbidities leading to
selection bias in seeking health care or the awareness of having a chronic disease
cause the mood disturbance observed in clinical but not in population-based
samples. However, another possible cause was suggested by Panicker et al.
(2009a). In treated patients brain hypothyroidism may persist despite serum hormone
levels in the reference range, because of genetic differences in deiodinase enzymes
needed to transform the artificial fT4, standard treatment for hypothyroidism, into the
neurally active fT3 in the brain. We were, however, not able to find brain alterations in
treated patients that would support this hypothesis and several attempts to
administer T4/T3 combination therapy to eliminate possible brain hypothyroidism
have been unsuccessful (see Grozinsky-Glasberg et al., 2006 for a review). Effects
may be limited to carriers of specific polymorphisms though, hidden when
investigated in unselected samples (Panicker et al., 2009a; Wiersinga et al., 2009).
This line of research therefore warrants further study in larger samples (see outlook).
Concerning cognition, two comparably small studies (n<500) have found an
association between hypothyroidism and cognitive impairment (Johnson et al., 2011;

Resta et al., 2012), but most have not (Booth et al., 2012; Castellano et al., 2013;
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Formiga et al., 2014; Forti et al.,, 2012; de Jongh et al., 2011; Moon et al., 2014;
Parsaik et al., 2014). Overall, effects were small or absent independent of treatment
status in line with our own findings in treated as well as newly diagnosed patients.
Although our own findings may be false negative due to the small sample size, the
overwhelming evidence from well-powered studies suggests that mild hypothyroidism
does indeed not cause clinically significant cognitive impairment as suggested by
early clinical studies (Baldini et al., 1997; Burmeister et al., 2001).

Lastly, it should be noted that other factors than cognitive and affective symptoms as
studied here are important for clinical treatment decisions. Most importantly, over-
treatment resulting in hyperthyroidism has been associated with increased cardio-
vascular mortality and reduced bone mineral density. In contrast, hypothyroidism has
been associated with an increased risk for atherosclerosis and diabetes. Comprehen-
sive assessment of comorbidities and side effects of treatment thus need thorough

monitoring (Duntas et al., 2012; Owen and Lazarus, 2003; Vanderpump, 2003).

Outlook
Only one of the population-based studies looking at thyroid function has included

brain imaging data (Rotterdam Scan Study, de Jong et al., 2006, 2007). The authors
however report only on the volumes of two brain areas of interest, hippocampus and
amygdala. Given that additional brain areas may be affected by hypothyroidism (e.g.
Bauer et al., 2009) and not only structural, but also functional alterations may occur
(e.g. Zhu et al.,, 2006), large population-based studies including whole-brain
structural and functional MRI are needed to validate hypotheses generated by small
clinical samples with sufficient statistical power. Fortunately, such a dataset has

recently been acquired (LIFE study, Leipzig) and we have already obtained permis-
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sion to analyse the data. Ideally, we will additionally obtain genetic data on poly-
morphisms in the genes coding for deiodinases. Should polymorphisms indeed
influence the availability of thyroid hormones at the brain level (Panicker et al.,
2009a; Dayan and Panicker, 2013), this should result in differences in brain structure
and function as measurable with MRI in thyroid healthy people, but even more so in
levothyroxine-treated patients and may possibly explain residual mood alterations.

In addition, we found autoimmunity and disease duration to be associated with neural
structure and function in long-term adequately treated patients. An obvious future line
of research would therefore be to follow up on studies using selenium supplemen-
tation to reduce TPO-ab in autoimmune thyroiditis and investigate possible neural
underpinnings of the observed mood improvement (Gértner et al., 2002). In order to
further study effects of disease duration, a longitudinal study over a longer time scale
in adequately treated patients would be required.

Finally, | would like to mention an anecdotal observation made during the study with
implications for current recommendations for levothyroxine administration. Many
participating patients reported that the recommended intake time half an hour before
breakfast is the most bothering consequence of the disease, reducing quality of life.
However, a recent randomised double-blind crossover study (Bolk et al., 2010)
showed that levothyroxine uptake was even slightly better when taken before
bedtime, possibly due to eating habits such as coffee consumption at breakfast.
Interestingly, patients were allowed to choose their preferred intake time after the
study ended. After one year, the majority preferred intake at bedtime. The study was
performed in the Netherlands and described eating habits are similar in Germany.
The promising pioneer study should thus be replicated in an independent sample and

recommendations for levothyroxine intake time may then require reconsideration.
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1 English Summary

Hypothyroidism during foetal brain development leads to severe and irreversible
mental retardation. Large-scale public health efforts to reduce iodine deficiency have,
however, largely eliminated the condition (FUhrer et al., 2014; Pearce et al., 2013).
Adult-onset hypothyroidism has received comparably much less attention, despite
consistent reports about mood and cognitive impairment (Canaris et al., 1997; Joffe
et al., 2012). Prevalence is about 5%, with higher rates in women than men (Roberts
and Ladenson, 2004). Residual symptoms have been reported in patients with
biochemically adequate treatment (Samuels et al., 2007; Saravanan et al., 2002).
Reasons discussed for residual symptoms include firstly independent effects of
autoimmune processes on the brain, the most common cause of adult-onset
hypothyroidism (Grabe et al., 2005), secondly brain hypothyroidism in spite of normal

serum hormone levels (Panicker et al., 2009a), thirdly comorbidities leading to a
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higher chance of having thyroid hormone values tested (Kong et al., 2002) and
fourthly reactive mental processes to the awareness of having a chronic disease
(Ladenson, 2002). Disentangling these possible causes has important implications
for treatment strategies. The present study wants to contribute to the discussion by
studying the target organ of interest, the brain, and individual levels of autoimmunity.
Studies of the brain in hypothyroid rodents have shown impaired synaptic plasticity in
the hippocampus associated with impaired spatial learning (Alzoubi et al., 2009) and
neurophysiological changes in the amygdala and hippocampus related to increased
anxiety and depression (Montero-Pedrazuela et al., 2006, 2011). However, little is
known about neural correlates of hypothyroidism-related symptoms in humans. First
studies using PET and SPECT have shown changes in brain glucose metabolism
and cerebral blood flow in hypothyroidism, but as of yet studies are inconsistent
concerning reversibility and localisation (Bauer et al., 2009; Constant et al., 2001;
Krausz et al., 2004). Magnetic resonance imaging (MRI) is a powerful non-invasive
tool to investigate the effects of hormone action on structure and function of the brain
in living patients (Brabant et al., 2011; Pilhatsch et al., 2011) and has been used to
study neural correlates of hypothyroidism here. We were interested both in initial
treatment effects of levothyroxine to reestablish euthyroidism as well as in long-term
treatment effects to investigate possible causes for residual symptoms. In order to
study independent effects of the autoimmune process, we have included patients
with hypothyroidism of autoimmune genesis and have measured thyroid peroxidase
antibodies (TPO-ab) in addition to thyroid hormone values.

As a methodological prerequisite for the main MRI study, we firstly translated a set of
questionnaires on symptoms, quality of life and treatment satisfaction in hypo-

thyroidism (McMillan et al., 2006; 2008) and validated them in an independent
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sample (n=101). Reliability and structural validity was satisfactory for all three
questionnaires (Quinque et al., 2013, publication 1).

In the first arm of our MRI study, we investigated 18 long-term adequately treated
patients with autoimmune hypothyroidism and 18 matched healthy control subjects.
We applied structural and functional MRI as well as neuropsychological testing to
assess mood and cognition. For the analysis of brain structure, we used voxel-based
morphometry (Ashburner and Friston, 2000), that allows voxel-wise comparison of
grey matter density values between groups. In addition we performed an associative
memory task using functional MRI (fMRI) in order to investigate hippocampus-
dependent brain activity. Finally, we applied seed-based resting-state fMRI (Fox and
Raichle, 2007) to study neural connectivity of brain regions that are known to be
altered in hypothyroidism (Bauer et al., 2009).

Results showed that adequately treated patients report more symptoms, higher
depressivity and reduced well-being as compared to healthy control subjects
(Quinque et al., 2013, publication 1). However, these mood alterations were not
related to brain structure and function in depression-specific brain regions. Further-
more, we did not find differences between patient and control group in cognitive
performance, brain structure, functional connectivity or brain activity during associa-
tive memory encoding. We did however find higher TPO-ab levels to be associated
with higher grey matter density in the right amygdala and increased connectivity
between subcallosal cortex and left parahippocampal gyrus, all part of a depression
and fear network (Quidé et al., 2012). Moreover, treatment duration was related to
structural and functional changes in areas associated with depression and untreated

hypothyroidism. Therefore, we identified autoimmunity and treatment duration as
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possible factors to explain neural sources of residual symptoms in long-term treated
hypothyroidism (Quinque et al., 2014, publication 2).

In the second study arm we investigated 9 newly diagnosed patients before and 3
months after treatment initiation and 9 healthy matched control subjects. Patients
showed mild hypothyroidism that reverted to normal levels with treatment. The
groups did not differ significantly in cognitive performance or brain structure and
function, even before treatment. However, patients reported reduced mood that
reverted to control group levels with treatment. This may be due to a placebo effect
described in the literature (Dayan and Panicker, 2013). Compared to studies that
showed brain alterations in the untreated state (Bauer et al., 2009; Singh et al,,
2013), the current sample showed milder hypothyroidism (TSH (mU/) 6 vs. 17 and
124, respectively), but was of a similar size (n=9 vs. 13 and 10, respectively).
Therefore, we can currently neither rule out a false negative finding nor a true lack of
alterations in mild hypothyroidism as suggested by recent large population-based
studies (Jorgensen et al., 2014; Kvetny et al., 2014; Moon et al., 2014). We have
made our dataset publically available (http://neurovault.org) in order to contribute
data to the field commonly relying on small patient samples.

Future studies on the neural correlates of hypothyroidism should use larger samples
from population-based studies or by pooling data across studies to avoid power
problems endemic to the resource-intensive MRI method. Effects of autoimmunity
and disease duration should be followed up. In mildly hypothyroid or long-term
adequately treated patients presenting with residual symptoms, alternative causes
such as reactive mental processes to the awareness of having a chronic disease

should be considered.
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2 German Summary

Eine Hypothyreose wéhrend der fétalen Hirnentwicklung, meist bedingt durch starken
lodmangel, fihrt zu schwerer und irreversibler geistiger Behinderung, bekannt als
Kretinismus. Kretinismus ist dank weltweiter Programme zur lodierung von Speise-
salz inzwischen sehr selten (Fuhrer et al., 2014; Pearce et al., 2013). Der Hypo-
thyreose mit Beginn im Erwachsenenalter wurde vergleichsweise weniger Aufmerk-
samkeit zuteil, obwohl auch fir diese affektive und kognitive Beeintrdchtigungen
berichtet werden (Canaris et al., 1997; Joffe et al., 2012). Die Pravalenz fur klinische
oder subklinische Hypothyreose betragt etwa 5%. Frauen sind etwa doppelt so
héufig betroffen wie Manner (Roberts and Ladenson, 2004). Symptome wurden auch
in adaquat hormonsubstituierten Patienten berichtet (Samuels et al., 2007;
Saravanan et al., 2002). Mdgliche Grinde hierfur sind erstens unabhangige Effekte
von Autoimmunprozessen auf das Gehirn, der haufigsten Ursache fiir eine Hypo-
thyreose im Erwachsenenalter (Grabe et al., 2005), zweitens Schilddriisenhormon-
mangel im Gehirn trotz normaler peripherer Schilddrisenhormonwerte (Panicker et
al., 2009a), drittens Komorbiditaten, die zu einer hdheren Wahrscheinlichkeit flihren,
dass als Nebenbefund eine Hypothyreose diagnostiziert wird (Kong et al., 2002),
oder viertens reaktive psychische Prozesse auf die Diagnose einer chronischen
Erkrankung (Ladenson, 2002). Die Analyse dieser mdglichen Ursachen hat wichtige
Implikationen fiir Behandlungsstrategien. Die vorliegende Studie moéchte einen
Beitrag zu dieser Diskussion leisten, indem das interessierende Zielorgan, das
Gehirn, sowie die Starke der Autoimmunaktivitat untersucht werden. Studien an den
Gehirnen hypothyreoter Nagetiere zeigten Beeintrachtigungen in der synaptischen
Plastizitat im Hippocampus, assoziiert mit Defiziten im rdumlichen Lernen (Alzoubi et

al., 2009), sowie neurophysiologische Verédnderungen in Amygdala und Hippocam-
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pus in Verbindung mit erhdhter Angst und Depression (Montero-Pedrazuela et al.,
2006, 2011). Zu neuronalen Korrelaten der Hypothyreose bei Menschen ist weniger
bekannt. Erste Studien mit PET und SPECT zeigten Verdnderung im zerebralen
Glukosestoffwechsel sowie im Blutfluss, waren jedoch inkonsistent in Bezug auf
Reversibilitat und Lokalisation der Veranderungen (Bauer et al., 2009; Constant et
al., 2001; Krausz et al., 2004).

Im vorliegenden Projekt haben wir die nicht-invasive Magnetresonanztomographie
(MRT) genutzt, um neuronale Korrelate der Hypothyreose beim Menschen zu unter-
suchen. Wir interessierten uns dabei fur Korrelate der akuten Hypothyreose, flr
initiale Behandlungseffekte mit Levothyroxin zur Wiederherstellung der Euthyreose
und fur Effekte einer adaquaten Langzeitbehandlung, um Grinde fir mdgliche
persistierende Symptome zu untersuchen. Um unabhéangige Effekte des Autoimmun-
prozesses zu analysieren, untersuchten wir Patienten mit einer Hypothyreose auto-
immuner Genese und erhoben Thyreoperoxidase- (TPO) Antikdrper-Titer neben den
Schilddrisenhormonwerten.

Als methodische Vorarbeit fir die MRT-Studie haben wir Fragebdgen zu den
Themen Symptome, Lebensqualitdt sowie Behandlungszufriedenheit bei Hypo-
thyreose Ubersetzt (McMillan et al., 2006; 2008) und an einer unabhangigen Stich-
probe (n=101) validiert. Reliabilitdt und Konstruktvaliditdt waren zufriedenstellend
(Quinque et al., 2013, Publikation 1).

Im ersten Teil der MRT-Studie untersuchten wir 18 aktuell euthyreote Patienten mit
autoimmuner Hypothyreose unter langjahriger Hormonsubstitution sowie 18 gesunde
Kontrollprobanden. Erhoben wurden strukturelle und funktionelle MRT Daten, neuro-
psychologische Testverfahren zur Messung von kognitiver Performanz, sowie

Fragebdgen zur Erfassung von selbstberichteter Stimmung. Fir die Analyse von

64



Hirnstrukturen haben wir die Methode der voxel-basierten Morphometrie verwendet
(Ashburner and Friston, 2001). Die Methode erlaubt den voxelweisen Vergleich der
Dichte der grauen Substanz. Zusatzlich haben wir mittels funktionellem MRT (fMRT)
die Gehirnaktivitdt, besonders die im Hippocampus, wéhrend eines assoziativen
Gedéchtnistests untersucht. Zudem haben wir die sogenannte ,seed-based resting
state” fMRT Methode genutzt (Fox and Raichle, 2007), um die neuronale Konnektivi-
tat der Hirnareale zu untersuchen, die verédnderten Metabolismus bei Hypothyreose
gezeigt haben (Bauer et al., 2009).

Im Vergleich zur Kontrollgruppe berichteten adaquat behandelte Patienten mehr
Symptome, héhere Depressivitdt und reduziertes Wohlbefinden (Quinque et al.,
2013, Publikation 1). Diese Stimmungsverdnderungen waren jedoch nicht mit
Hirnstruktur oder -funktion in depressionsspezifischen Arealen assoziiert. Die Patien-
ten unterschieden sich nicht von der Kontrollgruppe in der kognitiven Performanz,
Hirnstruktur, neuronalen Konnektivitdt oder Hirnaktivitat wahrend eines Gedachtnis-
tests. Die H6he der TPO-Antikdrper-Titer war jedoch mit erhdhter Dichte der grauen
Substanz in der rechten Amygdala sowie mit einer erhéhten neuronalen Konnektivitat
zwischen dem Cortex Subcallosus und dem linken parahippocampalen Gyrus
korreliert. Alle genannten Regionen gehéren einem Depressions- und Angstnetzwerk
an (Quidé et al., 2012). Zudem war die Erkrankungsdauer mit strukturellen und funk-
tionellen Veranderungen in Arealen korreliert, die mit Depression und unbehandelter
Hypothyreose in Verbindung gebracht werden. Daher haben wir Autoimmunitat und
Erkrankungsdauer als mogliche Faktoren zur Erklarung neuronaler Ursachen fir
residuale Symptome bei chronischer behandelter Autoimmunthyreoiditis identifiziert

(Quinque et al., 2014, Publikation 2).
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Am zweiten Teil der MRT-Studie nahmen 9 neu diagnostizierte Patienten mit auto-
immuner Hypothyreose vor und 3 Monate nach Beginn der Hormonsubstitution mit
Levothyroxin teil, sowie 9 gesunde Kontrollprobanden. Die Patienten waren zu
Studienbeginn leicht hypothyreot, bei der Wiederholungsmessung waren alle
Serumhormonwerte im Normbereich. Die Gruppen unterschieden sich bei keinem
Messzeitpunkt signifikant in der kognitiven Performanz, Hirnstruktur oder -funktion.
Die Patienten berichteten jedoch reduzierte Stimmung, die sich mit der Medikation
normalisierte. Dabei kdnnte es sich jedoch um einen in der Literatur beschriebenen
Placebo-Effekt handeln (Dayan and Panicker, 2013). Im Vergleich zu hirnbildgeben-
den Studien, die signifikante Gruppenunterschiede im Zustand vor der Behandlung
gezeigt haben (Bauer et al., 2009; Singh et al., 2013), wies unsere Patientengruppe
eine mildere Form der Hypothyreose auf (TSH (mU/l) 6 versus 17 bzw. 124), die
StichprobengréBe war jedoch vergleichbar (n=9 versus 13 bzw. 10). Wir kénnen
daher derzeit weder ein falsch negatives Ergebnis noch die Abwesenheit von
neuronalen Veranderungen bei milder Hypothyreose ausschlieBen, wie es aktuelle
populationsbasierte Studien nahelegen (Jorgensen et al., 2014; Kvetny et al., 2014;
Moon et al.,, 2014). Wir haben die Daten 6&ffentlich zugénglich gemacht
(http://neurovault.org), um den Publikationsbias in dem Forschungsgebiet, das haufig
mit kleinen Patientenkohorten arbeitet, zu vermindern.

Zukunftige Studien zu neuronalen Korrelaten der Hypothyrose sollten méglichst
gréBere Stichproben aus populationsbasierten Studien oder gepoolte Daten aus
mehreren Studien nutzen, um das endemische Problem geringer statistischer Power
der ressourcenintensiven MRT-Methode zu verringern. Autoimmunitat und Er-
krankungsdauer sollten dabei weiter untersucht werden. Bei Patienten mit

subklinischer Hypothyreose sowie bei adaquat eingestellten Patienten, die Uber
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residuale Stimmungsverdnderungen klagen, sollten aber auch andere mdogliche
Ursachen wie beispielsweise Komorbiditaten oder reaktive psychische Prozesse auf
die Diagnose einer chronischen Erkrankung in der Behandlungsstrategie mit

bericksichtigt werden.
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and Arno Villringer

Supplemental Material

This material supplements but does not replace the content of the peer-reviewed

paper published in Psychoneuroendocrinology

Methods

MRI acquisition parameters

T1-weighted images were acquired using a three-dimensional magnetisation-
prepared rapid gradient echo sequence (sagittal orientation) with selective water
excitation and linear phase encoding. The following imaging parameters were used:
Inversion time (TI) 650 ms, repetition time (TR) 1.3 sec., repetition time of the
gradient-echo kernel 9.1 ms, echo time (TE) 3.46 ms, flip angle 10°, field of view
256x240 mm?2, 2 averages. To avoid aliasing, oversampling was performed in read
direction (head to foot). Reconstructed images were calculated using zero filling with
1x1x1 mm3 voxel size.

The resting-state and event-related fMRI data were acquired using T2*-weighted

gradient echo-planar image (EPI) pulse sequences with the following parameters:
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300 volumes, TR 2.0 sec., TE 30 ms, flip angle 90°, 30 slices, voxel resolution 3 mm
* 3 mm * 4 mm. During the event-related fMRI session, participants performed an
associative memory encoding task adapted from Sperling et al., (2003) presented
with Presentation software (Neurobehavioral Systems, Inc., version 12.7) on a back-
projection screen viewed via a mirror. Participants viewed black-and-white
photographs of faces (Jadger et al., 2005; hitp://psydok.sulb.uni-
saarland.de/volltexte/2005/505/) with a first name written underneath and were asked
to remember each person’s name. They had to decide whether they felt the name
fitted the face or not by a button press. Participants viewed a fixation cross between
trials. Participants viewed 90 encoding trials randomly interleaved with 30 nullevents
where they were shown a fixation cross for the trial duration of eight seconds. After
five minutes rest, participants performed the retrieval task in the scanner while
structural scans were acquired. During retrieval they viewed all faces again, this time
paired with the learned name and a distractor name paired with another face during
encoding. Participants had to choose the correct name by a button press and
reported whether they were sure or unsure about their response. There was no time
limit to ensure that all trials were responded to. Face-name pairings were randomised
for each participant and different sets were used at the two sessions.

Grey matter data analysis

Images were bias-field corrected, segmented and registered to standard Montreal
Neurological Institute (MNI) space using rigid-body transformation and the unified
segmentation approach (Ashburner and Friston 2005). Subsequently, images were
smoothed with a Gaussian kernel of 8 mm?3 full width at half maximum (FWHM).
Resulting grey matter images were averaged across the two time points and entered

into group level analyses. All voxels with a minimum grey matter density probability of
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0.2 were included in the analyses. The exact coordinates of the regions reported in
Bauer et al., (2009) did not lie within grey matter for all subjects and 9 mm spheres
(27 voxels) were thus created around the described areas instead. Coordinates for
the areas were taken from the Harvard-Oxford Structural Atlas provided by
Functional magnetic resonance imaging of the brain Software Library (FSL), the
resulting regions of interest (ROIs) lying within grey matter for all subjects. The six
ROIs are the right hippocampus (MNI coordinates x=30, y=-24 z=-12), left
hippocampus (-30 -27 -12), right amygdala (27 0 -21), left amygdala (-24 -3 -18),
posterior cingulate cortex (0 -27 36) and subcallosal cortex (0 24 -12).

Resting-state fMRI data analysis

The preprocessing steps comprised three-dimensional motion correction, time series
despiking, 6 mm FWHM spatial smoothing, four-dimensional mean-based intensity
normalisation, band-pass temporal filtering (0.01-0.1 Hz), removing linear and
quadratic trends and regressing out eight nuisance signals (white matter,
cerebrospinal fluid and six motion parameters). No global signal regression was
performed to avoid spurious negative correlations driving group comparisons. The
output of these preprocessing steps was one 4-dimensional residual functional
volume for each participant. The normalisation of the functional volume was
performed via linear normalisation to MNI space using the FSL Linear Image
Registration Tool and the individual T1-weighted image as a prior.

Seed-based resting-state functional connectivity analysis calculates the correlation
between the seed regions and each other voxel in the brain. The resulting
connectivity maps per subject were subsequently averaged across the two time
points and entered into separate group comparisons to identify regions of altered

connectivity to the six seed regions. Significance level was set to p<0.0083 on the
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family-wise error corrected cluster size level to account for the use of six seed
regions for group and correlation analyses.

An explorative functional connectivity analysis was performed with those areas as
seeds that revealed a significant correlation between grey matter density and mood
in the patient group. This was done in order to gain information about involved
networks in addition to the result on isolated structures available with the VBM
analysis. Seeds were extracted using Marsbar, a toolbox for SPM8
(http://marsbar.sourceforge.net). Connectivity maps of the patient group were
entered into a onesample t-test controlled for age and sex. An FWE-corrected voxel-
level threshold of p<0.005 was chosen for illustration purposes and functional
networks were descriptively compared with networks reported in the literature
(Beckmann et al., 2005; Fox and Raichle 2007; Wang et al., 2012).

Event-related fMRI data analysis

Task-based fMRI data was preprocessed using SPM8 running on Matlab. Data were
slice-time corrected, realigned, corrected for field inhomogeneities (unwarping) and
normalised to MNI space using the unified segmentation approach (Ashburner and
Friston, 2005). EPI deformations were corrected using a fieldmap scan acquired
separately during the scanning session. An 8 mm Gaussian kernel was used for

smoothing and a high-pass filter of 128 Hz was used to account for slow signal drifts.

Results

The right postcentral gyrus was associated with a network resembling a sensory-
motor network (Beckmann et al., 2005; Figure 6d) comprising pre- and postcentral
gyrus and midcingulate areas. The left superior frontal gyrus revealed an executive

control network including mainly frontal areas (Beckmann et al., 2005; Figure 6f). The
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left cuneus was associated with a visual network consisting of mainly occipital areas
(Beckmann et al., 2005; Figure 6a) and the middle temporal gyrus belonged to the
default mode network including posterior and anterior cingulate cortices, medial
prefrontal cortex and inferior parietal cortex (Wang et al., 2012, see Figure S1). The
left temporal pole did not reveal a meaningful network as it only correlated with

regions directly adjacent to the seed region and its contralateral equivalent.
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Figure S1: Resting-state networks of areas showing an association between grey matter
density and mood in the patient group. Connectivity maps are shown on coronal, sagittal and
axial slices oriented according to neurological convention. Labels of resembling networks as
described by Beckmann et al., 2005 or Wang et al., 2012 are shown next to the connectivity

maps.
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