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Purpose: To explore the alterations in both local and remote brain connectivity in patients with thyroid-associated ophthalmopathy
(TAO) and to investigate whether the alterations of local neural function could be used to distinguish patients with TAO from healthy
controls (HCs) using support vector machine (SVM) classifier.
Materials and Methods: In total, 21 patients with TAO and 21 well-matched HCs were enrolled in our study and underwent resting-
state functional magnetic resonance imaging (rs-fMRI) scanning. We employed regional homogeneity (ReHo) algorithm to evaluate
local neural function and selected significantly altered brain regions as seed areas for subsequent study of the remote functional
connectivity (FC). Moreover, we chose the observed alterations in the ReHo analysis as classification features to differentiate patients
with TAO from HCs through SVM classification method.
Results: Compared with the HCs, TAO patients showed significantly lower ReHo values in the right middle occipital gyrus (MOG) and
right angular (ANG). In contrast, TAO patients displayed higher ReHo values in the left hippocampus (Hipp). We further found TAO
patients exhibited decreased FC between the left and right Hipp, right MOG and left cerebellum (CER), right ANG and left rectus, right
superior temporal pole gyrus (PSTG) (voxel-level p < 0.01, Gaussian random field correction, cluster-level p < 0.05). The alterations in local
neural function exhibited an accuracy of 78.57% and area under curve of 0.81 for distinguishing the patients from HCs.
Conclusion:We mainly found the results that patients with TAO showed significantly dysfunctional local and remote brain functional
connectivity in several brain regions associated with visual and cognitive functions. The ReHo variability has potential value in
differentiating patients with TAO from HCs. These findings may provide novel insights into the neurological mechanisms underlying
visual and cognitive disorders in patients with TAO.
Keywords: thyroid-associated ophthalmopathy, functional magnetic resonance imaging, regional homogeneity, functional
connectivity, machine learning

Introduction
Thyroid-associated ophthalmopathy (TAO), a vision-threatening autoimmune and inflammatory orbital disease, usually
presents with lid retraction, exophthalmos, visual impairment, and diplopia. TAO is a common ocular complication in
hyperthyroidism, but can also be seen in patients with normal thyroid function and hypothyroidism.1 Clear diagnosis and
timely treatment of TAO are extremely important in order to effectively avoid the incidence of visual impairment.
Clinically, TAO is divided into active stage and quiescent stage according to patients’ symptoms and examination results.
Because of acute inflammatory changes in orbital tissue, active patients with TAO often show typical signs of ocular
manifestations, such as extraocular muscle swelling, bulbar conjunctival hyperemia, and optic neuropathy.2 Dysthyroid
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optic neuropathy is the most serious complication in TAO patients, and the incidence is about 4–8% according to
statistics.3 Besides these ophthalmic manifestations, patients with TAO are also closely associated with cognitive
disorder, especially in emotional regulation.4

The main pathological changes of TAO were extraocular muscle swelling and periorbital fat increase, while the main
physiological mechanism of TAO is related to the abnormal metabolism of thyroid hormones. Previous studies have
proved that thyroid hormones play an important role in neuron differentiation, myelination, neuron formation and
synaptic production.5 Therefore, thyroid hormones are essential for maintaining the normal structures and functions of
adult visual pathways, which was clearly elaborated by Tu et al.6 In a rat study, optic nerve function showed significant
abnormalities due to the decrease in serum thyroid hormone level.1 Moreover, previous clinical epidemiological
investigations have suggested that abnormal thyroid hormone level was a high risk factor for open-angle glaucoma
and age-related macular degeneration.7,8 Related neuroimaging research further revealed that patients who develop TAO
exhibited statistically significant thinning of the gray matter, which might be related to cognitive changes and visual
impairment reported by TAO cases.4 Based on the magnetic-resonance spectroscopy study, Bhataraet et al reported that
the Cho/Cr ratio of prefrontal cortex in TAO patients was lower than that of healthy controls (HCs).9 In another
functional magnetic resonance imaging (fMRI) research, the hyperthyroid patients accompanied by dysthyroid optic
neuropathy were reported to show aberrant neural activity and brain function in the limbic system and middle frontal
gyrus.10 According to the data reported by a combined voxel-based morphometry and diffusion tensor imaging study,
TAO cohort was found to have decreased grey matter volume and increased diffusivities in the brain cortex that
connected with visual and cognitive dysfunction.11 Investigations thus far have shown that individuals with TAO
commonly have visual and cognitive dysfunction, with the structural and metabolic abnormalities in the corresponding
brain regions. Considering that previous neuroimaging studies primarily focused on either local brain regions or global
functional connectivity (FC) of networks, systematically investigating the neuropathological mechanism of visual and
neurocognitive deficits of TAO subjects from local to global may shed some new light on the disease.

Resting-state fMRI provides a promising and non-invasive neuroimaging technique to measure spontaneous or
intrinsic brain activity. Synchronous neuronal activity occurs in the normal human brain, where it has an important
role in learning and memory.12 Bayati et al found that the key characteristic of neuronal information processing is the
reliable propagation of synchronous neuronal activity.13 In addition, several previous fMRI studies showed that
synchronous neuronal activity may play a critical role in neurophysiological activity.14,15 In 2004, Zang et al
described ReHo, a new technique for assessment of rs-fMRI data, for the evaluation of synchronous neuronal
activity.16 ReHo is thought to be a reliable and sensitive measurement; it reflects the temporal homogeneity of
regional blood oxygen level-dependent (BOLD) signals by measuring the ReHo values of the time series of regional
BOLD signals.

FC analysis based on rs-fMRI data is an algorithm of the spatial temporal correlations and synchrony of the BOLD
signals among anatomically different regions.17 Among the rs-fMRI analysis techniques, FC is the most extensively
applied algorithm to explore interregional connectivity because of its high sensitivity and reliability.

Machine learning, the core algorithm of artificial intelligence, has provided a systematic approach to learn from a set
of high-dimensional data and then make predictions. As a supervised learning algorithm, support vector machine (SVM)
shows the unique ability to find small differences in spatial patterns of structural and functional brain changes between
subjects and controls. A reliable conclusion could be drawn from recent rs-fMRI studies that the SVM approach offered
relatively high accuracy in classifying patients and predicting their future disease progress.18,19 To the best of our
knowledge, this is the first study that the SVM technique based on neuroimaging data to perform predictive investiga-
tions in patients with TAO till now.

In the current study, we first investigated changes in synchronous neuronal activity in patients with TAO by using the
ReHo method. We subsequently applied the method of seed-based FC to detect if there were alterations in interregional
connectivity between the regions showing abnormal ReHo values and other brain areas. We further chose the observed
alterations in the ReHo analysis as classification features to examine whether these alterations could differentiate subjects
with TAO from HCs through SVM classification method.
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Materials and Methods
Subjects
The present study recruited 21 inpatients with TAO from endocrinology and ophthalmology departments of the Jiangxi
Provincial People’s Hospital and 21 HCs (14 males and 7 females) matched for sex, age and education from medical
examination center of the same hospital. These subjects enlisted in the work all met the following criteria1: no clear
contraindications to MRI, such as metal implants2; without cardiovascular and psychiatric disorders3; right-handed4; no
cerebral diseases evaluated by structural MRI.

All the patients were due to hyperthyroidism and fulfilled the criteria for TAO diagnosed by two experienced
ophthalmologists according to the diagnostic criteria from the American Academy of Ophthalmology,20 and these
patients were all in the active stage of TAO with vision loss and definite ocular symptoms.

Subjects with any of the following conditions would be removed from the study:1 additional eye diseases which
would show vision decline and limited eye movement similar to TAO;2 no ocular surgical history (retinal laser
photocoagulation, vitrectomy, etc);3 women who were pregnant or breastfeeding during the study.

The whole research process followed the normative requirements in the Declaration of Helsinki and was approved by
the Ethical Committee for Medicine of the Jiangxi Provincial People’s Hospital. All participants participated in the study
voluntarily and were informed of the study objectives, methods and potential risks before signing the informed consent.

MRI Data Acquisition
MRI scanning was performed on a 3-Tesla MR scanner (GE Healthcare, Milwaukee, WI, USA) with an eight-channel
head coil. All participants were required to close their eyes without falling asleep when undergoing MRI scanning. The
structural MRI parameters and functional image parameters were elaborated in detail in our last article.17

fMRI Data Preprocessing
All preprocessing was performed using the toolbox for Data Processing & Analysis of Brain Imaging (DPABI, http://
www.rfmri.org/dpabi),21 which is based on Statistical Parametric Mapping (SPM8) (http://www.fil.ion.ucl.ac.uk) imple-
mented in MATLAB 2013a (MathWorks, Natick, MA, USA) and briefly following the steps as the previous neuroima-
ging studies.22,23

The Calculation of ReHo Signal Value
The ReHo metrics were calculated using DPABI software. The analysis of ReHo signal value followed the calculating
formula of the Kendall’s coefficient of concordance in the present research.16 All ReHo maps of each voxel were
z-transformed with Fisher’s R-to-Z transformation to reduce the influence of individual differences on the statistical
comparisons between the two groups. Finally, the remaining zReHo maps were spatially smoothed using a Gaussian
kernel of 6 mm × 6 mm × 6 mm full width at half maximum.

The Calculation of FC Value
To investigate whether abnormal FC existed between the brain regions that exhibited altered localized temporal
synchronization (measured by ReHo) and other brain regions. Three seed regions of interest (ROIs) were used for FC
analysis, which were derived from those showing significant abnormality of the ReHo values. The Montreal Neurological
Institute coordinates of the ROIs were L-Hipp (−36, −24, −12), R-MOG (30, −75, 33), and R-ANG (30, −60, 42).

Statistical Analysis
The cumulative clinical measurements were analyzed in this study using SPSS 20.0 (SPSS Inc, Chicago, IL, USA). Chi-
square test was adopted to evaluate categorical variables, while Independent two-sample t-test was applied to analyse
continuous variables. A p value <0.05 was considered statistically significant.

A two-sample t-test was used to investigate the difference in the zReHo maps and z-value FC maps between the TAO
group and the HC group with DPABI toolkit after controlling for the effects of age and sex. Gaussian random field (GRF)
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method was utilized to correct for multiple comparisons of ReHo differences between the two groups (two-tailed, voxel-
level p < 0.01, GRF correction, cluster-level p < 0.05). These results were shown by applying the BrainNet Viewer
software (https://www.nitrc.org./projects/bnv/).

SVM Analysis
To evaluate whether the ReHo metrics alterations could serve as potential diagnostic indices for TAO, we performed
machine learning analyses using SVM algorithm with the average ReHo values of all clusters showing significant
among-group differences as the features. In the present study, individual participant’s ReHo maps served as inputs for the
machine learning algorithm.

Mapping nonlinear data to the high-dimensional feature space and finding a linear separating hyperplane to separate
the two sets of data were the core idea of the SVM algorithm. The present work adopted the Gaussian radial basis
function kernel support vector machines (RBF-SVM), to study the potential diagnostic of the ReHo indicators. The radial
basis function kernel parameter γ was optimized in the values of 2N, with the C in the SVM algorithm set to 1, and the
performance of the proposed method was verified by a leave-one-out cross-validation. The number of samples in our
study was assumed to be n. In each leave-one-out cross-validation fold, ReHo data from n-1 samples were selected as the
training dataset to train the classification model; ReHo data from the remaining sample were regarded as a test dataset to
test the ability of the classifier to classify new cases reliably18. This process was repeated for each subject to assess the
overall accuracy of the SVM algorithm.

Results
Demographics and Disease Characteristics
We found no statistically significant differences between the TAO and HC groups in gender (P>0.999), education
(P=0.861) or age (P=0.745), but significant differences in BCVA of right eye (P=0.026), left eye (P=0.023). The results of
these data are listed in Table 1.

Comparisons of ReHo Values
Compared with the HCs, TAO patients showed significantly lower ReHo values in the right middle occipital gyrus
(MOG) and right angular (ANG). In contrast, TAO patients displayed higher ReHo values in the left hippocampus
(Hipp). The differences in ReHo signal values are clearly shown in Table 2 and Figure 1.

Differences in FC
Three seed ROIs were used for FC analysis (Figure 2), which were derived from those showing significant abnormality
of the ReHo values. We finally found TAO patients exhibited decreased FC between the left and right Hipp, right MOG
and left cerebellum (CER), right ANG and left rectus, right superior temporal pole gyrus (PSTG) (voxel-level p<0.01,
GRF correction, cluster-level p<0.05).

Table 1 Characteristics of Participants Included in the Study

Condition TAO Group HC Group t P-value*

Gender (male/female) 14/7 14/7 N/A >0.999

Age (years) 54.17±4.83 55.17±5.37 −0.348 0.745
Duration (months) 11.25±4.42 N/A N/A N/A

BCVA-OD 0.67±0.35 1.14±0.15 −4.462 0.026

BCVA-OS 0.64±0.29 1.06±0.23 −4.297 0.023
Education 11.17±2.64 11.42±1.95 −0.269 0.861

DON 8 N/A N/A N/A

Notes: Independent samples t-test for the other normally distributed continuous data (mean ± SD). *p < 0.05 indicated significant differences.
Abbreviations: TAO, thyroid-associated ophthalmopathy; HC, healthy control; N/A, not applicable; BCVA, best corrected visual acuity; OD, oculus
dexter; OS, oculus sinister; DON, dysthyroid optic neuropathy.
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SVM Classification Results
The classification results using machine learning analysis and the ROC curve of the classifier are shown in Figure 3. The
curve was drawn using ROC assistant software. The performance of the classifier achieved an accuracy of 78.57% and
area under curve of 0.81 for TAO group vs HC group.

Discussion
In recent years, the ReHo method has been successfully used to investigate the regional synchronization of spontaneous
fMRI signals in several eye diseases and shows huge development prospect.24,25 The SVM approach, the most commonly
used supervised machine learning algorithm, offered relatively high accuracy in classifying patients and predicting their
future disease progress on the basis of fMRI data. To the best of our knowledge, this work is the first research to
systematically investigate the neuropathological mechanism of visual and neurocognitive deficits of TAO subjects from
local to global. Compared with the HCs, TAO patients showed significantly lower ReHo values in the right MOG and
right ANG. In contrast, TAO patients displayed higher ReHo values in the left Hipp. We further found TAO patients
exhibited decreased FC between the left and right Hipp, right MOG and left CER, right ANG and left rectus, right PSTG
(voxel-level p<0.01, GRF correction, cluster-level p<0.05). The alterations in local neural function exhibited an accuracy
of 78.57% and area under curve of 0.81 for distinguishing the patients from HCs.

The occipital lobe contains most of the anatomical areas of the visual cortex, where the three Brodmann areas17–19

related to vision could be found.26 The occipital lobe is associated with visual information processing, and plays a critical
role in the perception of facial emotion.27 Brodmann area,19 the MOG, is considered to be critical part of the dorsal visual
stream, which is mainly related to visual formation and neuronal activities of visual perception.28 Disrupted local neural
function of the MOG has been reported in fMRI studies concerning late blindness,29 retinal detachment,30 diabetic
retinopathy,31 and retinitis pigmentosa.32 Chen and colleges revealed that active TAOs exhibited significantly decreased
spontaneous brain activity in the MOG, which is associated with alteration in visual function.33 In line with these studies,
our current research showed that TAO patients had significantly lower ReHo values in the right MOG, which might be
a reasonable finding due to the common symptoms with active-stage TAO patients, including extraocular muscle
swelling, diplopia, and optic neuropathy. Reduction in visual input and the presence of visual pathway damage may
result in decreased brain activity in the occipital lobe. Additionally, we found TAO patients exhibited decreased remote
cortical connectivity between the right MOG and left CER by applying the FC approach. The CER, anatomically located
in the posterior fossa, plays a critical role in visuospatial processing, eye movement, and higher cognitive function.34,35

Our previous research has reported that patients with TAO patients showed abnormal spontaneous brain activity in CER
using the ALFF algorithm, which might reflect the neuropathological mechanism of visual impairment in patients.20

Table 2 Abnormal Distance-Related Brain Functional Connectivity in TAO Patients

Regions Cluster Size MNI Coordination P value

X Y Z

Local connectivity

TAO>HC L-Hipp 310 −36 −24 −12 5.1767
TAO<HC R-MOG 179 30 −75 33 −3.847

R-ANG 88 30 −60 42 −4.1036
Remote connectivity: TAO<HC
L-Hipp (seed region) R-Hipp 217 30 12 −9 −4.0619
R-MOG (seed region) L-CER-7b 97 −30 −36 −42 −3.5578

L-CER-4-5 194 −12 −54 −15 −4.009
R-ANG (seed region) L-Rectus 150 6 9 −27 −4.2099

R-PSTG 98 42 15 −18 −3.9462

Note: The statistical threshold was set at the voxel level with p < 0.05 for multiple comparisons using GRF theory (voxel-level p < 0.01,
GRF correction, cluster-level p < 0.05).
Abbreviations: TAO, thyroid-associated ophthalmopathy; HC, healthy control; MNI, Montreal Neurological Institute; Hipp, hippocam-
pus; MOG, middle occipital gyrus; ANG, angular gyrus; CER, cerebellum; PSTG, superior temporal pole gyrus.
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Therefore, we speculated that the altered ReHo value in the right MOG and decreased FC between the right MOG and
left CER might reflect the abnormal local and remote cortical connectivity related to visual impairment in patients
with TAO.

The Hipp is a critical hub in the default mode network (DMN), a network responsible for spontaneous cognition.36

Characterized as an integrated network, the brain’s DMN has been defined as a distributed set of regions in association
cortices that showed elevated spontaneous activity in rest situations.37 The Hipp is also a key structure of the limbic
system, which is involved in learning, episodic memory, and spatial navigation.38 Prior fMRI studies have demonstrated
the dysfunction of the Hipp may result in cognitive deficits in a variety of diseases, including depression,39 Parkinson’s
disease,40 and Alzheimer’s disease.41 In recent years, clinical observational studies have reported that TAO was involved
in functional and psychological alterations in the brain (eg, depression, memory impairment, emotional instability and
personality irregularities).42,43 Another neuroimaging research indicated that subjects with major depression had elevated
FC between the left Hipp and left MOG, which may reflect memory deficits and sleep disorders in these patients.27

Consistent with these studies, our current research found that, in comparison with HCs, TAO patients displayed higher
ReHo values in the left Hipp, and decreased FC between the left and right Hipp. We speculated that increased ReHo in
the Hipp might reflect compensation for cognitive impairment in patients with TAO. We could deduce a credible
conclusion from these results that the dysfunction of the Hipp was closely related to psychological abnormalities in
patients with TAO.

Figure 1 One-sample t-test results of ReHo maps within the two groups and significant ReHo differences in the TAO and HC group. (A) One-sample t-test results of ReHo
maps within the TAO; (B) one-sample t-test results of ReHo maps within the HCs; (C) significant ReHo differences in the TAO and HC group. The red or yellow denotes
higher ReHo values, and the blue areas indicate lower ReHo values (voxel-level p < 0.01, GRF correction, cluster-level p < 0.05); (D) the mean of altered ReHo values
between patients with TAO and HCs.
Abbreviations: TAO, thyroid-associated ophthalmopathy; HC, healthy control; Hipp, hippocampus; MOG, middle occipital gyrus; ANG, angular gyrus.
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In comparison with HCs, patients with TAO showed lower ReHo values in the right ANG, and decreased FC between
right ANG and left rectus, right PSTG in our study. Anatomically, the ANG, located just above the Wernicke area, at the
parietal-occipital junction, is an important joint area at the back of the brain. For its specific position, the ANG is thought
to play a critical role in integrating information between multiple input modalities and brain networks.44 Accumulated
evidence has indicated that the ANG is involved in reading, comprehension, visuospatial attention, spatial cognition, and
episodic memory.45,46 Humphreys et al proposed a unifying model to explain complicated cognitive functions in the
ANG and considered the ANG could combine different information from local regions and brain networks as an
integrative dynamic buffer.47 In addition, the ANG is a constituent part of the DMN, which was not only associated
with spontaneous activity in rest situations but also the unconscious processing of working memory tasks and implicit
memory.48 Thus, the decreased ReHo values in the right ANG might contribute to a range of cognitive deficits in patients
with TAO. With respect to PSTG, it has been found to be highly involved in the essential role of the identification of
biological motion and social interactions in connection with a direct gaze.49,50 Tu and colleges revealed that patients
diagnosed with TAO exhibited abnormal FC density between the extensive temporal gyrus and the frontal lobe.6

Figure 2 Significant remote FC differences in patients with TAO. (A) Significant remote FC differences between the left Hipp and right Hipp; (B) significant remote FC
differences between the right MOG and left CER-7b and left CER-4-5; (C) significant remote FC differences between the right ANG and left rectus/right PSTG. Notes: The
red denotes higher FC signal values, and the blue areas indicate lower FC signal values (voxel-level p < 0.01, GRF correction, cluster-level p < 0.05).
Abbreviations: TAO, thyroid-associated ophthalmopathy; HC, healthy control; Hipp, hippocampus; MOG, middle occipital gyrus; ANG, angular gyrus; CER, cerebellum;
PSTG, superior temporal pole gyrus.
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Therefore, combined with the above findings, we speculated that the decreased regional neural function and remote
cortical connectivity in the ANG were highly associated with alteration in cognitive function in patients with TAO.

Considering that understanding the cognitive deficits associated with TAO is meaningful to the diagnosis, manage-
ment and treatment of this disease, performing ReHo and FC analysis within TAO patients is important. At present,
clinical physicians for the diagnosis of TAO mostly rely on clinical symptoms and computerized tomography, but some
patients did not show typical symptoms. Therefore, we applied an objective method, supervised machine learning, to
obtain higher reliability for the diagnosis of TAO. And to evaluate the classification efficiency of the SVM classifier, we
performed the ROC method as well. The overall identification accuracy of the SVM was 78.57%, and the area under the
curve was 0.81 based on the leave-one-out cross-validation technique. These findings offered strong support for the
hypothesis that the ReHo values had credible potential value in discriminating the two groups. Machine learning
techniques have the advantage of objectivity and sensitivity, and can alleviate the shortage of experienced clinicians to
some extent. Although the application of machine learning technology in the medical field is still in the initial stage, with
the further development and extension of machine learning technology, it will become a trend for clinicians to use
machine learning to diagnose and manage patients’ health in the near future.

However, the research had some potential limitations that should be ameliorated in the following studies. The first one
is the relatively small sample size, although the results were encouraging. Due to the small sample size in the study, the
generalizability of the findings was uncertain. Secondly, our study should include both the active and inactive patients
with TAO, which help understanding the neurological mechanisms underlying visual and cognitive disorders in these
patients. In the present study, we could not confirm whether patients during quiescent stage will show altered local and
remote cortical connectivity in brain regions associated with visual and cognitive functions. Thirdly, a 78.57% accurate

Figure 3 Classification results using machine learning analysis based on ReHo values. (A) Function values of two groups (class 1: HC group; class 2: TAO group); (B) three-
dimensional confusion matrices from machine learning analysis; (C) function values of two groups with a scatter diagram (class 1: TAO group; class 2: HC group); (D) the
ROC curve of the SVM classifier with an AUC value of 0.81.
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classification was not high enough. And we will expand the sample size and combine various machine learning methods
including such as random forest or deep neural network to improve the accuracy in the next study. Additionally, the effect
of physiological noise when performing rs-fMRI scanning was not completely eliminated, which might interfere with
BOLD signals. Therefore, a combination of structural MRI, electroencephalogram, diffusion tensor imaging and fMRI
might make the findings more convincing.

Conclusion
In conclusion, we mainly found the results that patients with TAO showed significantly dysfunctional local and remote
brain functional connectivity in several brain regions associated with visual and cognitive functions. The ReHo
variability has potential value in differentiating patients with TAO from HCs with a 78.57% accurate classification.
These findings may provide novel insights into the neurological mechanisms underlying visual and cognitive disorders in
patients with TAO.
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