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ARTICLE INFO ABSTRACT
Keywords: Background: Thyroid-associated ophthalmopathy (TAO) is an orbital disease closely related to
Thyroid-associated ophthalmopathy thyroid disease with a long-lasting duration that can be blinding and disabling. Recently, struc-
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Superior frontal gyrus
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tural and functional neuroimaging studies have been performed in TAO patients, but studies have
reported inconsistent results. This quantitative meta-analysis was conducted to identify conver-
gent patterns of abnormal brain function among different studies in TAO.

Methods: We searched PubMed, EMBASE, Cochrane, and Web of Science, performed reference
tracking, and retrieved 15 eligible studies. Peak coordinates were extracted from these studies
and subsequently tested for convergence using activation likelihood estimation (ALE).

Results: Compared to healthy subjects, resting-state brain activity in the whole brain of TAO
patients was significantly increased in the left superior frontal gyrus (SFG) and decreased in the
left cuneus/precuneus. Functional decoding analysis of the BrainMap database revealed that these
regions are predominantly associated with cognitive and emotional impairment. In this study,
task-related meta-analytic connectivity modeling (MACM) analysis was used to describe the
connectivity and function of the two seed regions. Significant coactivation of these regions was
found primarily in the bilateral superior parietal lobule, medial frontal gyrus, left fusiform gyrus,
left cingulate gyrus, supplementary motor area and thalamus.

Conclusion: Our findings underscore the role of the SFG and the cuneus/precuneus in the path-
ophysiology of TAO, highlighting the crucial impact of working memory deficits.

1. Introduction

Thyroid-associated ophthalmopathy (TAO), also known as Graves’ eye disease or Graves’ orbitopathy, is an autoimmune cause of
vision-threatening eye disease [1,2]. TAO frequently coexists with hyperthyroidism in affected patients and seriously affects their
mental health and overall quality of life [3]. Limited information is available on the incidence of TAO, but a recent study conducted by
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the European Group on Graves’ Orbitopathy found that the prevalence of TAO in Europe is approximately 10/10,000 persons [4]. The
most common complaints of TAO are proptosis, eyelid retraction, periorbital edema, and conjunctival congestion [5]. However, pa-
tients with TAO often present with emotional and psychiatric symptoms, such as depression, emotional disturbances, cognitive def-
icits, and affective symptoms [6,7]. Additionally, TAO adversely affects both the patient’s visual function and appearance, resulting in
social impairments [8]. While certain ocular symptoms may improve as the patient’s thyroid function normalizes, residual emotional
and psychiatric symptoms continue to persist [9]. Notably, a cohort study showed an increased risk of suicide attributed to unnatural
behaviors among TAO patients [10]. Consequently, TAO may lead to changes in neuropsychiatric function in patients.

The brain is the main target organ of thyroid hormones, which play an essential role in human growth and neurodevelopment.
Currently, the amount of thyroid hormones in the brains of patients with thyroid dysfunction cannot be assessed, but functional
imaging studies fill this gap and confirm a direct correlation between thyroid hormones and brain activity. A study reported increased
perfusion in the posterior cerebellar region, which connects cognitive-related brain networks and the visual cortex, during a hyper-
thyroid state [32]. In addition, thyroid hormones also affect the structure and function of the brain. Thyroid hormone transporter
protein gene variants influence gray matter volume in patients with major depressive disorder [33]. Premature infants with congenital
hypothyroidism have significantly reduced bilateral fiber length in the occipital and frontal lobes, which may postpone normal
neonate growth [34]. Thus, these studies demonstrate that thyroid dysfunction impacts cerebral blood flow, brain function, and brain
connectivity.

In recent years, there has been a surge in structural and functional neuroimaging studies focusing on TAO patients, which have
allowed for the interpretation of TAO neurological-related symptoms. For example, a study has demonstrated that these psychiatric
symptoms are related to brain structural abnormalities, indicating that they are not solely attributed to insomnia and fatigue [7].
Furthermore, the brains of TAO patients were found to exhibit significant partial thinning of gray matter thickness, and these changes
may be associated with cognitive changes in patients [7]. The study shows significantly lower degree centrality (DC) in the posterior
cerebellum lobe of TAO patients, which correlates with depression and anxiety scores [11].

Currently, although neuroimaging has contributed to TAO, revealing alterations in brain structure and function, single imaging
studies inevitably have limitations such as small sample sizes and low reliability. Therefore, we use ALE meta-analysis as the standard
algorithm in coordinate-based meta-analyses, which is a common meta-analytic technique that allows for assessing the spatial
convergence of the activations reported in the neuroimaging literature. The ALE algorithm is available to researchers in the form of the
GingerALE desktop application (http://brainmap.org/ale). This approach treats activation foci reported in neuroimaging studies not
as single points but as spatial probability distributions centered at the given coordinates. Then, the ALE maps are obtained by
calculating the union of the activation probabilities for each voxel [12]. We evaluated task-based coactivation patterns in the BrainMap
database to identify seed regions connected to those obtained from the ALE analysis. In addition, we performed functional charac-
terization of the identified seed regions.

2. Material and methods

The protocol of this ALE-meta analysis has already been registered on the International Platform of Registered Systematic Review
(registration number: CRD42022332050).

2.1. Search strategy

We based this on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement [13]; references for
this meta-analysis were collected by a search of the PubMed, EMBASE, Web of Science, and Cochran in October 12, 2022. The search
strategy was listed in the Supplementary Table 1.

2.2. Study eligibility criteria

Only peer-reviewed cross-sectional studies comparing patients with TAO (18 years of age or older) with healthy controls were
included. The exclusion criteria were as follows:

Case-reports, editorial letters, methodological studies, meta-analysis, or review studies reporting no original data.

Studies that did not report standard space coordinates.

Studies that did not report whole-brain analysis.

Studies that reported coordinates only in sub-sample.

Studies without a “control group” i.e. those focused only on a group of TAO patients.

Studies that less than 7 patients in each group.

Studies that reported only a priori region-of-interest (ROI) analyses.

2.3. Data extraction

Two investigators independently extracted the information (QDD and WJQ). In this study, we took measures to minimize bias
introduced by small study effects by excluding studies with sample sizes less than 10. No calculated indicators other than fMRI were
excluded, allowing us to include studies utilizing metrics such as amplitude of low-frequency fluctuations (ALFF), regional homo-
geneity (ReHo), voxel-based morphometry (VBM), and other indicators. The recorded data included the first author’s name, year of
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publication, age, gender and number of patients and controls, imaging modality, normalizing software, and type of task in the task
fMRI studies (see Table 1 for details). In addition, we collected the peak coordinates (x, y, z) in Talairach or Montreal Neurological
Institute (MNI) stereotactic space. All data were converted to MNI coordinates for analysis [14].

2.4. Activation likelihood estimation

This meta-analysis was performed using a modified version of the ALE method for the follow-up analysis of coordinate-based
neuroimaging results [12]. In the first step in ALE analysis, the reported foci are represented as central peaks of 3D Gaussian prob-
ability distributions, which account for the spatial uncertainty associated with each of the reported foci sets [12]. In the second step,
the activation foci from specific experiments are combined for each voxel, resulting in the creation of a modeled activation map (MA
map) [15]. In the third step, the ALE map is compared with the nonlinear histogram integral to test the null hypothesis of a random
distribution of foci. For statistical inference, the significant statistical threshold was set at p < 0.05 cluster level familywise error
(cFWE) [16].

2.5. Task-based functional connectivity: Meta-analytic connectivity modeling

A common way to investigate functional connectivity (FC) is a data-driven approach called “meta-analytic connectivity modeling”
(MACM), which is used to determine the connectivity pattern of a specific region of interest based on an enriched data set. In other
words, data-driven FC map is generated surrounding the seed regions, which are defined around the peak coordinates using a 10-mm
radius. We used task-based MACM to investigate which seed regions have a consistent tendency to co-activate with certain brain
regions in various tasks [17]. In this study, we used the brain regions obtained from the analysis with ALE software as seeds. The first
step of MACM determines that all experiments in the BrainMap database (http://www.brainmap.org) have at least one activation focus
in a given seed region [18]. In the next step, a quantitative analysis of the focal points in these retrieved experiments was performed
using the ALE algorithm, which was used to identify regions showing convergent cross-experimental activation. Therefore, the

Table 1
List of all studies included in the meta-analysis: imaging information, demographic, and clinical characteristics of subjects.
Author, year Sex (male/female) Age (Mean + SD) Disease Imaging Reported Normalizing Task
duration modality standard space Software type
Total HC TAO HC TAO
(year)
1 Zhu et al. 75 19/ 18/ 46.6 + 47.1 + NA rs-fMRI MNI SPM8 fALFF
(2022) [67] 17 21 11.6 11.3
2 Qi et al. 42 14/ 14/7 54.17 + 55.17 + 11.25 + 4.42 rs-fMRI MNI SPM8 VMHC
(2022) [68] 7 4.83 5.37
3 Jiang et al. 60 12/ 12/ 43.27 £ 43.47 £ 10.03 £11.53 rs-fMRI MNI SPM12 fALFF
(2022) [69] 18 18 14.20 13.62
4 Wen et al. 42 14/ 14/7 54.17 + 55.17 + 11.25 + 4.42 rs-MRI MNI SPM8 ReHo
(2022) [70] 7 4.83 5.37
5 Tu et al. 30 10/ 9/5 - - NA rs-fMRI MNI AFNI FCD
(2022) [71] 6
6 Chen et al. 58 24/ 14/7 43.27 £ 43.24 + 12.19 + 9.63 rs-fMRI MNI SPM12 fALFF/
(2022) [21] 13 12.49 13.87 CBF
/ReHo
7 Chen et al. 42 15/ 15/6 41.10 £ 40.81 + 8.14 + 6.84 rs-fMRI MNI SPM12 fALFF/
(2021) [22] 6 14.3 14.74 ReHo
/DC
8 Wu et al. 50 8/ 8/17 43.40 + 43.40 + 25.90 +40.10 VBM MNI PANDA VBM
(2021) [72] 17 14.17 14.34
9 Jiang et al. 32 6/ 6/10 54.85 + 53.09 + 3.81 £1.94 rs-fMRI MNI DPARSF4 ReHo
(2021) [73] 10 5.02 5.16
10 Chen et al. 30 4/ 4/11 44.87 + 44.73 £ 9.13+7.77 rs-fMRI MNI SPM12 ALFF
(2021) [23] 11 12.44 13.24
Chen et al. 30 4/ 4/11 44.80 + 44.73 £ 25.20 + 24.31 rs-fMRI MNI SPM12 ALFF
(2021) [23] 11 11.97 13.24
11 Qi et al. 42 14/ 14/7 54.17 + 55.17 + 11.25 + 4.42 rs-fMRI MNI SPM8 ALFF
(2021) [74] 7 4.83 5.37
12 Chen et al. 50 13/ 10/ 44.25 + 4.27 + 18.39 £20.90  rs-fMRI MNI DPARSF4.4 VMHC
(2021) [75] 15 12 12.71 12.75
13 Luo et al. 60 15/ 5/18 43.16 + 37.22 + 6.31 £5.72 VBM MNI SPM8 VBM
(2022) [76] 22 11.84 13.18
14 Liu et al. 60 8/ 8/12 54.22 + 53.91 + 11.32 £ 5.21 rs-fMRI MNI SPM8 DC
(2019) [11] 12 6.88 6.71

TAO: Thyroid-associated ophthalmopathy; HC: healthy control; NA: not available; ALFF: amplitude of low-frequency fluctuations; ReHo: regional
homogeneity, DC: degree centrality, CBF: cerebral blood flow; MNI: montreal neurological institute; fALFF: fractional low-frequency fluctuation
amplitude; VBM: voxel-based morphometry; FCD: Functional connectivity density; VMHC: voxel-mirrored homotopic connectivity.

@ The same study.
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presence of significant convergence in regions other than the highest convergence region of the seeds indicates consistent co-activation
across the results [17]. During this period, we conducted MACM only in healthy subjects, excluding studies involving the effects of
disease or drugs.

Our study analysis was based on 16901 neuroimaging experiments in the BrainMap database. The seed regions derived from the
ALE algorithm analysis were created as 2 vol of interest (VOIs) and analyzed with MACM. The VOI in the cuneus resulted in 47 ex-
periments (603 subjects, 1000 foci), while the SFG VOI included 49 experiments (610 subjects, 996 foci). Subsequently, we performed
a coordinate-based meta-analysis to identify consistent coactivation in experiments. The results were thresholded at a cFWE corrected
threshold of p < 0.05 (cluster-forming threshold: P < 0.001 at voxel-level).

2.6. Functional decoding

In order to evaluate the functional role of those regions impacted by TAO, we conducted behavioral decoding analysis through the
BrainMap database. The behavioral domains and paradigm class metadata categories of this database were used for the functional
characterization of clusters [19]. Behavioral domains include the major categories, i.e., action, cognition, perception, emotion, and
perception, as well as their related subcategories (For the complete BrainMap classification see http://www.brainmap.org/scribe/;
[181), whereas paradigm classes were classifications of definite tasks (The complete classification is found in http://www.brainmap.
org/scribe/).

We decided to use the BrainMap database for all experiments that contained at least one activation focus within the region we
identified. We conducted both forward and reverse inference analyses to ascertain the functional profile of each cluster. In forward
inference, the functional profile of a region is determined by identifying taxonomic labels that exhibit a significantly higher probability
of activation within the cluster compared to the database. Significance was defined using a binomial test (P < 0.05) [20]. Specifically,
we tested whether the conditional probability of activation given a particular label [P(Activation|Task)] was higher than the baseline
probability of activating the relevant region itself [P(Activation)]. In the reverse inference approach, the functional profile of the
cluster was identified by determining the most likely behavioral domains and paradigm classes. This likelihood P(Task|Activation) was
derived from P(Activation|Task) together with P(Task) and P(Activation) using Bayes’ rule. Finally, significance was assessed by the
chi-square test.

3. Results
3.1. Literature search

In this meta-analysis, from 1484 retrieved papers, 15 fulfilled the criteria, including 10 “patient < control” contrasts and 10
“patient > control” contrasts, yielding 81 peak foci. The 15 studies included 2 VBM and 13 resting-state fMRI experiments. Five studies

Records identified through Records identified through
database searching other sources
(N=1484) (N=0)

l l Records excluded (n =959);
Duplicates removal case report (84); conference,
(N=983) abstract, editorial letters
(131); review or meta-analysis
(72); irrelevant (other
psychiatric or neurocognitive
Records screened || disorders, other medical
(N=983) diseases, methodological
studies) (663); animal (9)

Full text articles assessed Full-text articles excluded
for eligibility with reason (no whole brain
(N=24) data and coordinates
unavailable,) (N=10)

A4

Articles included to the
meta-analysis
(N=14)

’ INCLUDED ‘ ‘ ELIGIBILITY | ‘ SCREENING ‘ ‘IDENTIFICATION

Fig. 1. Flow chart of paper selection strategy based on PRISMA.
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applied whole brain functional connectivity, two studies performed ReHo, and one study applied DC indicators. Furthermore, one
study applied fractional low-frequency fluctuation amplitude (fALFF), ReHo and cerebral blood flow (CBF) indicators [21], and one
study applied fALFF, ReHo, and DC indicators [22]. One study applied a different sample, so we treated it as two different studies [23].
No positron emission tomography (PET) studies met our criteria. We evaluated and scored the quality of all included studies utilizing a
13-point checklist derived from a previously published meta-analysis ([24]; Supplementary Table 2). Fig. 1 shows the details of the
literature search strategy and data extraction process.

3.2. ALE meta-analysis

The ALE meta-analysis was performed on all included eligible studies. Testing for significant convergence yielded two clusters, one
located in the left SFG and the other in the cuneus/precuneus (p < 0.05 cFWE) (Table 2, Fig. 2). The converging clusters in the left
cuneus were driven by the 100 % contribution of the rs-fMRI study. The converging clusters in the left SFG were driven by the
contribution of the rs-fMRI study and VBM.

3.3. Meta-analytic connectivity modeling

To find brain regions that had significant common activation characteristics with the seed regions identified by the ALE meta-
analysis, we performed a task-based MACM analysis using the seed regions. The left cuneus/precuneus significant (p < 0.05 cFWE)
coactivation was essentially symmetric in both hemispheres (Fig. 3). Significantly stronger connectivity with bilateral superior parietal
lobule [25], right cuneus/precuneus gyrus [26], right medial occipital gyrus [27], and left fusiform gyrus [28]. We also found sig-
nificant coactivation with the left cingulate gyrus and supplementary motor area [29,30] (Fig. 3A).

Analysis of the other seed region showed significant (p < 0.05 cFWE corrected) coactivation with several regions. The left SFG was
significantly coactivated with its left middle frontal gyrus and extended to the left inferior frontal gyrus [31]. We further identified
significant activation using seeds in the left superior parietal lobule. Similarly, significant coactivation with SFG seeds was observed in
the left cingulate gyrus and supplementary motor area (Fig. 3B).

3.4. Functional decoding

The seed regions obtained from the ALE analysis are analyzed by functional decoding to discover what types of tasks can activate
them. We discovered that the left cuneus/precuneus is associated with the behavioral domains of cognition (attention, language),
perception (vision), emotion (negative), the paradigm class of saccades, delayed match to sample, and reasoning/problem solving. The
left SFG was significantly associated with the behavioral domains of cognition (working), perception (olfaction), the paradigm class of
n-back, and episodic recall.

4. Discussion

Our study is the first meta-analysis to identify changes in specific brain regions in TAO and to explore the interactions between seed
regions of TAO and other networks. We integrated 15 whole-brain studies in TAO with a total of 369 TAO patients and 334 healthy
controls. Our results demonstrate the existence of two critical clusters of TAO patients. These clusters were mainly in the SFG and
cuneus/precuneus. Furthermore, the regions identified through the meta-analysis were used as seed regions in MACM to ascertain
their associated networks. MACM analysis emphasizes the coupling between seeds and multiple regions. Subsequently, we employed
the BrainMap database to characterize the behavior of the seeds and their potential implications in cognition, emotion, and perception
dysfunction associated with TAO.

4.1. Cuneus/precuneus

Our findings suggest that TAO patients have low activation at the convergence in the left cuneus/precuneus compared to healthy
controls. The cuneus represents most of the primary visual cortex (Brodmann Area 17), which is involved in basic visual processing,
such as spatial frequency, orientation, direction, and speed [35,36]. The cuneus is also involved in visual imagery, which is essential in
the creative thinking process [37]. In addition to visual processing, the cuneus has also been found to be involved in facial recognition
and cognitive control of emotions [38,39]. Prior to the emergence of functional imaging, the precuneus, situated in a relatively less
explored region, received limited attention in research. Initially, there were suspicions regarding the involvement of the cuneus in

Table 2
Significant main effect location in TAO < HC and TAO > HC studies in the meta-analysis of all tasks.
Side Brain region ALE value Coordinates (MNI) Volume(mm?)
o - - X Y Z -
TAO <HC Left Cuneus/Precuneus 0.0159 -24 -80 20 760
TAO > HC Left Superior Frontal Gyrus 0.0171 -24 56 -4 1120
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|

Superior Frontal Gyrus
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Fig. 2. ALE maps investigating alterations in resting-state brain activity between TAO patients and HC. Results are from the ALE meta-analysis.
There is significant activation (in red) and deactivation (in blue) in TAO patients compared to HC. A common core set of activations is shown in
the left superior frontal gyrus. The left cuneus is deactivated in TAO patients. (ALE plots were calculated at a threshold of p < 0.004, and visualized
using MRIcron) (p < 0.05 corrected for multiple comparisons using the family-wise error rate in cluster level (cFWE)). The MNI coordinates of the
clusters shown in this image are reported in Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

various higher-order cognitive functions, and subsequent studies have indeed validated these suspicions. The precuneus is situated on
the posteromedial parietal lobe. It is a widely distributed network of associative cortical and subcortical structures that serves as a hub
for a range of highly integrated functions, such as visuospatial imagery, episodic memory retrieval, and self-processing (for a detailed
description, please see Ref. [40]). Cuneus/precuneus impairment manifests in patients with selective poor visual attention, speech
impairment, and emotional impulsivity [41]. The precuneus/precuneus is involved in a variety of thyroid-related diseases. In acute
thyrotoxicosis myopathy, the functional connectivity of the sensorimotor network in the precuneus is increased [42]. The functional
connectivity of the cuneus/precuneus has been found to be significantly reduced in hypothyroidism [43]. In TAO, a recent study has
reported disturbed cortical complexity in the right Cuneus region, which manifests as visual, emotional, and cognitive impairment in
patients [44]. The left cuneus seemed to be the most affected of all occipital lobes in our study. Subsequently, we performed behavioral
decoding of this region, showing a significant association with cognition (attention), perception (vision), and emotion (negative). This
suggested that TAO patients have difficulty with adequate activation of these brain regions and have deficits compared to healthy
individuals in these behaviors.

Functional decoding revealed cognitive impairments in working memory among TAO patients. Working memory defects have been
reported in patients with subclinical hypothyroidism and thyrotoxicosis [45,46]. However, our meta-analysis was unable to determine
whether this type of defect was attributed to cuneus/precuneus or SFG or both. It is important to note that WM function deficits have
been associated with a broad brain domain, including the prefrontal-parietal network (prefrontal, cingulate and parietal cortices) [47].
Additionally, hypothyroidism was related to alterations in task-induced deactivation within default mode network (DMN) regions
during working memory processing [48]. Despite the absence of specific studies reporting working memory impairments in TAO, the
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A. Task-based co-activation pattern of the left cuneus/
precuneus

supplementary
motor area

B. Task-based co-activation pattern of the left superior
frontal gyrus

_ middle cingulate gyrus supplementary
frontal gyrus = b s
SN motor area

superior
parietal lobule

Fig. 3. The results of meta-analytic connectivity modeling analysis. Task-based coactivation pattern of the left cuneus/precuneus (A) and of the left
superior frontal gyrus (B) (p < 0.05 corrected for multiple comparisons using the family-wise error rate in cluster level (cFWE)).

significance of this issue should not be overlooked.

4.2. Superior frontal gyrus

The SFG is located in the upper part of the prefrontal cortex, which comprises several cytoarchitecturally distinct subregions. The
prefrontal cortex serves as a regulatory center for both emotion and cognition [49]. Undoubtedly, abnormal resting-state functional
connectivity between the prefrontal cortex and other brain regions leads to various mental symptoms [50]. The SFG is the core node of
the cognitive control network and the DMN, contributing to diverse cognitive and motor control tasks. Impairment of the SFG, along
with abnormalities in its functional connectivity network, has been demonstrated to result in working memory deficits and cognitive
impairment [51,52]. In addition, the SFG is a core brain region for processes related to emotion regulation; studies have identified
potential indirect effects between spontaneous SFG activity and depressive symptoms. Metabolic diseases such as diabetes, obesity,
and thyroid disease are closely linked to SFG. Low brain functional connectivity strength, reduced metabolism, and significantly
decreased gray matter were found in diabetic patients with SFG [53,54]. However, patients with subclinical hypothyroidism have
significantly increased fALFF in the left SFG, which implies increased local brain functional activity [55]. An inverse relationship
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between right SFG cortical thickness and BMI has been found in studies of unhealthy eating behaviors leading to obesity [56].
However, out of the available studies utilizing neuroimaging methods, only two identified a potential association between the pre-
frontal cortex and visual and cognitive dysfunction in TAO. In our analysis, we observed significant convergence in the posterior part of
the left SFG. Through functional decoding, we further inferred that this specific region might be linked to domains such as perception
(vision), cognition (working memory), and interoception (sleep).

It is known that the SFG is considered to consist of several different subregions, including BA8, BA9, BA32, and the outer part of
BA6. Each Brodmann area plays a distinct role in regulating various brain functions. For example, BA8 mainly receives information
from the auditory and visual systems and translates these signals into gaze-shift motor commands. In short, it is responsible for oc-
ulomotor and visuospatial processing [57]. BA9 participates in self-ordered working memory. BA6 is active during advanced motor
control of various cognitive operations, and the lateral BA6 has a role in updating spatial information [27]. In addition, BA32 is
involved in self-relevant processing. Our results demonstrated that several subregions of the SFG may be involved in the neurological
and psychiatric symptoms of TAO.

To the best of our knowledge, no previous studies have been conducted regarding the application of connectivity models in meta-
analyses to enhance new information about brain regions associated with TAO. When using seeds for MACM analysis, individually, the
observed task-dependent FC patterns were coactivated with the supplementary motor area (SMA), where some coactivation was
caused by anatomical connectivity. For example, the SMA is located in the posterior part of the SFG. Its function assists auditory
perception and motor, spatial, and temporal processing and is involved in working memory as a cognitive process [58-61]. Recent
studies have demonstrated that SMA damage also significantly impairs working memory [61]. It is worth noting that it is unknown
what role SMA plays in working memory, but it is more likely to play an indirect role through the connection with the rest of the
regions that make up the fronto-parietal network. In addition, SMA is also involved in the regulation of emotions [62]. However, we
must emphasize that functional connectivity does not imply a direct anatomical connection among individual brain regions. For
instance, the coactivation pattern between SMA and precuneus regions is functional rather than reflecting a direct anatomical link
between them.

On the other hand, the role of the DMN is crucial, which was first reported by Raichle to explain the reduced activation of cognitive
tasks in neuroimaging studies [63]. We currently suspect that TAO may also impact the DMN due to its involvement of various
anatomical brain regions, such as the precuneus, SFG, cingulate gyrus, and lateral parietal lobe. A recent study found dysregulation of
the default mode network in patients with hyperthyroidism, and antithyroid treatment improved the functional connectivity of certain
key brain regions within the DMN [64]. In addition, our functional decoding was also found to be coactivated with the superior parietal
lobule, cingulate gyrus, medial frontal gyrus, and right precuneus in the DMN. The DMN will usually be deactivated for the duration of
task execution [63], whereas the resting state DMN-SMA connection would generally be indicative of the state of processing task
execution. The DMN is impaired with functional connectivity in TAO, indicating interference between DMN-SMA networks while
performing the task. The most plausible explanation is that the DMN influences the SMA by remaining active during the on task.

4.3. Study limitations

The ALE meta-analysis approach integrates many subjects with published data to achieve a consensus in areas where neuropsy-
chiatric disorders cause functional or structural disruption. Thus, this method has been used for various neuropsychiatric disorders. An
essential aspect of meta-analysis is the inclusion of an adequate number of experiments to ensure a robust analysis of the problem.
Eickhoff [65] recommends including at least 17-20 experiments in the ALE meta-analysis to obtain significant power. Unfortunately,
we consulted many databases, but only 15 studies met the criteria after exclusion. Complete exclusion of heterogeneity in the included
studies was not achievable due to variations among imaging modalities, study populations, and study designs in our meta-analysis. In
this study, we employed the method proposed by Turkeltaub to minimize within-group effects by merging identical samples subjected
to diverse treatment approaches [66]. Finally, our study aggregated studies from different paradigms to detect consistent aberrations
in the TAO brain region regardless of task type. Therefore, our results may be influenced by all types of included tasks.

5. Conclusion

Our meta-analysis of neuroimaging data from 15 studies identified neuroanatomical correlates in TAO. Specifically, our findings
confirmed that the left cuneus/precuneus and SFG were involved in the neuropathophysiological mechanisms of TAO. Furthermore,
according to this study, the behavioral characteristics of the entire significantly convergent network using the BrainMap database
indicated impacts on emotional and cognitive-related functions as well as somatosensory processing in patients. The MACM analysis
showed that the SMA and DMN networks were functionally connected to the cuneus/precuneus and SFG. Of particular importance, we
found that working memory deficits may also be present in TAO patients.
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