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Purpose: Thyroid-associated ophthalmopathy (TAO) is an autoimmune disease
that affects the orbit and is the most prevalent extra-thyroidal complication of
Graves’ disease. Previous neuroimaging studies have focused on abnormal static
regional activity and functional connectivity in patients with TAO. However, the
characteristics of local brain activity over time are poorly understood. This study
aimed to investigate alterations in the dynamic amplitude of low-frequency
fluctuation (dALFF) in patients with active TAO and to distinguish patients with
TAO from healthy controls (HCs) using a support vector machine (SVM) classifier.

Methods: A total of 21 patients with TAO and 21 HCs underwent resting-state
functional magnetic resonance imaging scans. dALFFs were calculated in
conjunction with sliding window approaches to assess dynamic regional brain
activity and to compare the groups. Then, we used SVM, a machine learning
algorithm, to determinewhether dALFFmapsmay be used as diagnostic indicators
for TAO.

Results: Compared with HCs, patients with active TAO showed decreased dALFF
in the right calcarine, lingual gyrus, superior parietal lobule, and precuneus. The
SVM model showed an accuracy of 45.24%–47.62% and area under the curve of
0.35–0.44 in distinguishing TAO from HCs. No correlation was found between
clinical variables and regional dALFF.

Conclusion: Patients with active TAO showed altered dALFF in the visual cortex
and the ventral and dorsal visual pathways, providing further details on the
pathogenesis of TAO.
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1 Introduction

Thyroid-associated ophthalmopathy (TAO), commonly known
as Graves’ ophthalmopathy, is an autoimmune disease that affects
the orbit and is the most prevalent extra-thyroidal complication of
Graves’ disease. The main pathological changes of TAO were
extraocular muscle swelling and periorbital fat increase. Although
the pathogenesis is not fully understood, the thyroid-stimulating
hormone receptor (TSHR) is considered the main target of the
autoimmune reaction (Hiromatsu et al., 2014). The activation of
autoantibodies against TSHR mediates inhibiting, interfering with,
or stimulating intracellular signal transduction. In patients with
TAO, an over-expression of TSHR is observed in the thyroid,
extraocular muscles, and retrobulbar tissue, particularly in orbital
fibroblasts, leading to extraocular muscle swelling, expansion of the
orbital adipose tissue, and high intraocular pressure. Long-lasting
orbital edema causes the extraocular muscles to fibrose and/or
atrophy, which results in restrictive strabismus (Weiler, 2017).
The swelling of extraocular muscles directly compresses the optic
nerve at the orbital apex. The orbital fat expands, resulting in overt
exophthalmos, which may lead to stretching and injury of the optic
nerve. Compression and circulatory obstruction of optic nerve fibers
may lead to denervated atrophy (Bartalena et al., 2021; Song et al.,
2022).

The course of TAO includes an active and an inactive phase
(Weiler, 2017). In the active stage, TAO has severe inflammatory
lymphocyte infiltration, edema, and fibroblast proliferation in
orbital tissues (Hiromatsu et al., 2014) and presents typical eye
symptoms, including exophthalmos and diplopia, which can lead to
retinal damage, optic neuropathy, and even blindness in severe cases
(Bartalena et al., 2021). Active immunosuppression intervention
may be helpful to limit the destructive and fibrotic consequences of
the immune cascade and release aggravation of eye symptoms. In the
chronic stage, orbital residual fibrosis persists, and there is little
response to medical treatment that requires surgery. Therefore,
understanding the pathological mechanism of active TAO is
helpful to save vision at an early stage.

Neuroimaging studies demonstrated that the abnormal brain
structural and functional changes were associated with the visual
and cognitive impairments in TAO. For example, diffusion tension
imaging studies showed significantly decreased fractional anisotropy
(FA) in the optic nerve in TAO that correlated negatively with visual
field defects and positively with clinical activity scores (CAS) (Ozkan
et al., 2015), “NO SPECS” classification, and extraocular muscle
thickness (Lee et al., 2018). Compared with healthy controls (HCs),
patients with active TAO had cortical thinning in the left lateral
occipital sulcus, left fusiform gyrus, right precuneus, right superior
frontal cingulate, right superior periparietal gyrus, right paracentral
gyrus, right postcentral gyrus, and right insula (Silkiss and Wade,
2016) but increased gray matter volume (GMV) in the right inferior
frontal gyrus, left superior frontal gyrus (SFG), left orbital SFG, left
orbital middle frontal gyrus, left precuneus, and left postcentral
gyrus (Luo et al., 2022). Resting-state functional MRI (rs-fMRI)
studies demonstrated decreased amplitudes of low-frequency
fluctuations (ALFFs) in the left middle occipital gyrus (MOG),
superior occipital gyrus, and precuneus (Chen et al., 2021c),
decreased fractional ALFF (fALFF) in the right calcarine, and
increased fALFF in the right inferior temporal gyrus and left

posterior cingulate cortex in active TAO relative to HCs (Zhu
et al., 2022). The microvascular density of the optic nerve head
was negatively correlated with fALFF in the right calcarine, while it
was positively correlated with fALFF in the posterior cingulate
cortex (Zhu et al., 2022). Another study found decreased regional
homogeneity in the right MOG and the right angular gyrus, reduced
ALFF in the right superior occipital gyrus and bilateral precuneus,
decreased voxel-mirrored homotopic connectivity (VMHC)
between calcarine, angular gyri, and MOG, and decreased
functional connectivity between the calcarine/lingual gyri and the
contralateral middle temporal gyrus (MTG) (Qi et al., 2021, 2022;
Wen et al., 2022). There are a few neuroimaging results focused on
the neural activity differences between active and inactive TAO. A
direct comparison of the active and inactive phases of TAO found
increased GMV in the right MTG, left SFG, and left precuneus (Luo
et al., 2022), as well as increased ALFF in bilateral precuneus (Chen
et al., 2021c). ALFF values in the bilateral precuneus were positively
correlated with CAS and mini-mental state examination (MMSE)
scores and negatively correlated with disease duration (Chen et al.,
2021c). Moreover, in the hyperthyroid condition, gray matter
volumes were increased in the right cerebellum lobule VI and
decreased in the bilateral visual cortex and cerebellum lobules
I–IV, the ALFF was decreased in the right posterior cingulate
cortex, and the FC was increased in the bilateral anterior insula,
posterior insula, and cerebellum anterior lobe, compared to the
euthyroid condition, again suggesting a crucial role for the
cerebellum in the mediation of TH effects (Gobel et al., 2020).
Thus, these studies have demonstrated that patients with active TAO
may provide evidence of the pathological mechanisms underlying
active TAO.

fMRI can non-invasively measure neuronal activity,
deepening our understanding of visual processing and
perception. Previous studies assumed that the BOLD signal
was static during the fMRI scanning. However, recent research
has proposed that neural activity is dynamic over time (Liu and
Duyn, 2013). Evidence from task-based fMRI and
electrophysiology research showed that functional activities
and connectivity may show dynamic changes in the time scale
of several seconds to several minutes (Liegeois et al., 2017).
Compared with static analysis by using the average functional
activity or connectivity, dynamic analysis is helpful to observe the
details in static analysis and can provide a deeper understanding
of the basic mechanism of brain activity and connectivity. The
ALFF method calculates the power within the effective frequency
range (0.01–0.08 Hz) of each voxel in the brain and reflects the
spontaneous activity of neurons at rest (Biswal et al., 2010).
Dynamic ALFF (dALFF) is an extension of ALFF, which studies
the temporal variability of brain activity and provides
information on the changes in ALFF with time by combining
the sliding window method. The decrease in dALFF represents
functional impairment, while the increase in dALFF represents
unstable neural activity. The support vector machine (SVM)
model is a focused area of machine learning in recent years
and shows its advantages in small samples, especially when the
sample size is far less than the feature dimension. Combining
dALFF and SVM classification analysis has been applied in
various disease conditions, such as comitant exotropia (Chen
et al., 2022a), transient ischemic attack (Ma et al., 2021), and
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Parkinson’s disease (Zhang et al., 2019), and showed good
performance to distinguish patients and healthy controls.

Our hypotheses show that the dynamic changes in spontaneous
brain activity may present a disease-related pattern in patients with
TAO. In the present study, we aimed to investigate dynamic
alterations in local resting-state metrics and to explore whether
dALFF could be used as a diagnostic tool for TAO.

2 Methods

2.1 Ethics approval

This cross-sectional study was approved by the Research Ethics
Committee of Jiangxi Provincial People’s Hospital and adhered to
the guidelines of the Declaration of Helsinki. All patients with TAO
and HCs provided written informed consent before participation.

2.2 Participants

The pool of patients with TAO and HCs was identical to that
reported in previous studies (Qi et al., 2021, 2022; Wen et al., 2022).
A total of 21 patients with TAO (seven females’ mean age, 54.17 ±
4.83 years) were enrolled from the Departments of Ophthalmology
and Endocrinology, Jiangxi Provincial People’s Hospital.

Patients in the active phase of TAOwho were right-handed were
included in the TAO group. The diagnosis of TAO was made by two
experienced ophthalmologists according to the diagnostic criteria
for Graves’ ophthalmopathy (Bartley and Gorman, 1995),
measuring visual acuity, visual field, color vision, and the pupil
reflex. The disease activity of TAO was evaluated according to the
modified 7-point Mourits’ CAS, and the active phase was defined by
a CAS equal to or greater than 3 (Bartalena et al., 2021). The
exclusion criteria for the TAO and HC groups were as follows: (1)
severe TAOwith dysthyroid optic neuropathy; (2) symptoms caused
by other ocular diseases, such as glaucoma, vitreous hemorrhage,
high myopia, strabismus, cataract, and optic neuritis; (2) history of
eye trauma or surgery; (3) history of neurological and psychiatric
disorders; (4) alcohol or drug abuse; and (5) contraindications to
MRI, such as claustrophobia or implanted pacemakers.

A total of 21 HCs (seven females’ mean age: 55.17 ± 5.37 years)
matched for age, sex, handedness, and educational level were also
recruited. HCs were psychologically healthy, with no history of
TAO, and had normal or corrected-to-normal vision. The exclusion
criteria for the TAO and HC groups were as follows: (1) symptoms
caused by other ocular diseases, such as glaucoma, vitreous
hemorrhage, high myopia, and strabismus; (2) history of eye
trauma or surgery; (3) history of neurological and psychiatric
disorders; (4) alcohol or drug abuse; and (5) contraindications to
MRI, such as claustrophobia or implanted pacemakers.

2.3 Clinical assessment

All patients underwent comprehensive eye examinations that
included measuring intraocular pressure (IOP), eyeball
protrusion, best-corrected visual acuity (BCVA), and

performing slit lamp examinations and retinal fundoscopy. In
addition, the TAO duration was confirmed by self-reports from
patients and was determined as the interval between the onset of
TAO-related clinical symptoms and the date of the MRI
examination.

2.4 MRI data acquisition

MRI scanning was performed on a 3-T MR scanner (Discovery
750W System; GE Healthcare, Chicago, IL, United States) with an 8-
channel head coil. Foam pads were placed on both sides of the jaw to
limit head movements, and earplugs were used to attenuate noise
during scanning. During data acquisition, all participants were asked
to close their eyes, stay awake, and not to think about anything in
particular.

High-resolution T1-weighted images covering the whole brain
were acquired with a magnetization-prepared rapid gradient echo
(MPRAGE) sequence, with the following parameters: repetition
time (TR) = 8.5 ms, echo time (TE) = 3.3 ms, flip angle = 12°,
slice thickness = 1.0 mm, slice gap = 0 mm, voxel size = 1 × 1 ×
1 mm3, field of view (FOV) = 240 × 240 mm2, matrix size = 256 ×
256, and sagittal slice number = 176. Rs-fMRI involved a gradient-
recalled echo (GRE) planar imaging sequence, with the following
parameters: TR = 2000 ms, TE = 25 ms, flip angle = 90°, FOV = 240 ×
240 mm2, matrix size = 64 × 64, voxel size = 3.6 × 3.6 × 3.6 mm3,
axial slice number = 35, and volume numbers = 240. T2-weighted
imaging and T2 fluid-attenuated inversion recovery images were
acquired to exclude brain lesions. The total scanning time for each
subject was 15 min.

2.5 fMRI data preprocessing

rs-fMRI data were preprocessed using the toolbox for Data
Processing & Analysis of Brain Imaging (DPABI; http://www.
rfmri.org/dpabi) and Statistical Parametric Mapping 8 (SPM8,
http://www.fil.ion.ucl.ac.uk) implemented in MATLAB (2013a;
MathWorks, Natick, MA, United States). Preprocessing included
the following steps: (1) Original DICOM-format files were
converted into the NIfTI format. (2) The first 10 time points for
each subject were removed due to the signal reaching equilibrium
and the participants adapting to scanning noise. (3) Slice-timing and
motion correction were performed; subjects with a maximum
displacement of less than 1.5 mm in any cardinal direction (x, y,
z) and a maximum spin (x, y, z) of less than 1.5 were included in the
following analysis. (4) Each T1 image was co-registered to the mean
functional image and was segmented into gray matter, white matter,
and cerebrospinal fluid using the Diffeomorphic Anatomical
Registration Through Exponentiated Lie Algebra approach
(Ashburner, 2007). (5) Functional images were normalized to the
Montreal Neurological Institute space, resampled with a voxel size of
3 × 3 × 3 mm, and smoothed with a Gaussian kernel with a full-
width at half maximum of 6 mm. This was followed by (6)
detrending and (7) applying a temporal filter (0.01–0.08 Hz) to
reduce the influence of low-frequency drift and high-frequency
noise. Subsequently, the images were used to compute the
dALFF maps.
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2.6 Calculation of dALFF

To obtain ALFF values, the time series for each voxel were
transformed to the frequency domain using a fast Fourier transform,
and the power spectrum was then obtained using DPABI software.
The square root of the power spectrum was z-transformed using
Fisher’s r-to-z transformation to reduce the global effects of
variability across participants.

The sliding window method was applied to evaluate the dALFF
for each participant using the Temporal Dynamic Analysis (TDA)
toolkit in DPABI software. The sliding window length affected the
dALFF: the minimum window length should be larger than 1/fmin,
where fmin is the minimum frequency of time series (Leonardi and
Van De Ville, 2015). Liao et al. (2019) also found that when the step
size of the sliding window is fixed, the variance of dALFF decreases
with the increase in the sliding window length; when the window
length is kept at 50 TRs, the variance of dALFF is constant with the
increase in the step size. Previous studies have shown that a window
length of 50 TRs (100 s) is the optimal parameter to keep a balance
between capturing rapidly shifting dynamic activity and achieving
reliable brain activity estimation. Therefore, we chose 50 TRs as the
sliding window length and 1 TRs as the step size to calculate the
dALFF of each participant, which is in accordance with the methods
of Liu et al. (2021) and Cui et al. (2020). The ALFF map was
computed within each window, generating a set of ALFF maps for
each participant. The standard deviation (SD) divided by the global
mean value of the ALFF at each voxel across each window was
calculated to assess the temporal variability of the ALFF, which is
defined as dALFF.

2.7 Validation analysis

To verify our findings on the dALFF variability obtained using a
sliding window length of 50 times the TR, we performed auxiliary
analyses with different sliding window lengths. We recalculated the
main results using window lengths of 30 and 80 times the TR, which is
in accordance with themethods of Liu et al. (2021) and Cui et al. (2020).

2.8 Support vector machine analysis

Weperformedmachine learning analyses using the SVM algorithm
to determine whether dALFF maps can be used as potential diagnostic
indicators of TAO. Using the Pattern Recognition for Neuroimaging
Toolbox (Schrouff et al., 2013), the dALFF values of brain regions that
differed between the groups were used as classification features. Then,
leave-one-out cross-validation (LOOCV) was used to validate the SVM
classifier. The accuracy, sensitivity, and specificity were used to quantify
the performance of classification methods. The receiver operating
characteristic curves and the corresponding areas under the curve
(AUCs) were generated to assess the classification efficiency.

2.9 Statistical analysis

SPSS software (v22.0; IBM Corp., Armonk, NY, United States)
was used to analyze clinical variables. p-values <0.05 were

considered statistically significant. One-sample t-tests were
performed in the Statistical Parametric Mapping software to
assess the intragroup z-values of dALFF maps. Then, with age,
sex, and total intracranial volume as covariates, the individual
z-maps were entered into a two-sample t-test to identify
differences between groups. The Gaussian random field method
(Worsley et al., 1996) was used to correct for multiple comparisons,
with a cluster-level p < 0.05 as statistically significant, corresponding
to a two-tailed voxel level of p < 0.01.

2.10 Correlation analysis

Pearson correlation analysis was applied to determine the
relationship between mean dALFF values and clinical factors in
TAO, such as the severity of the disease, BCVA, and IOP. p-values
below 0.05 were considered statistically significant.

3 Results

3.1 Demographics and disease
characteristics

Sex, age, and educational level did not significantly differ
between the TAO and HC groups (p = 1, p = 0.75, and p = 0.86,
respectively). In comparison with HCs, the TAO group showed
significantly worse BCVA (p < 0.05) and higher IOP (p < 0.001) in
both eyes. Table 1 lists demographic and disease characteristics of
the study sample.

3.2 dALFF in TAO and HC groups

Setting the window length to 50 TR and the sliding step to 1 TR
produced the main findings. Then, these were validated using
different sliding window lengths. The spatial distributions of
mean dALFF in the TAO and HC groups with window lengths
of 30×, 50×, and 80× TR are shown in Figure 1.

With a window length of ×50 TR and a sliding step of 1 TR,
patients with TAO had significantly lower dALFF in two
locations in the right hemisphere (calcarine gyrus
[Brodmann’s area (BA) 17,18] and lingual gyrus [BA 18]),
compared with HCs (Table 2, Figure 2B). Similarly, with
window lengths of ×30 and ×80 TR, patients with TAO
showed significantly lower dALFF in three locations in the
right hemisphere (calcarine gyrus [BA 17,18], precuneus [BA
7], and superior parietal lobule (SPL; BA 7]) compared with HCs
(Table 2, Figure 2A, Figure 2C).

3.3 Support vector machine classification

Setting the window length to ×30, ×50, or ×80 TR with a sliding
step of 1 TR, the SVM classification of dALFF achieved overall
accuracies of 45.24%, 47.62%, and 45.24% and AUCs of 0.44, 0.37,
and 0.35, respectively, for distinguishing between patients with TAO
and HCs (Figure 3).
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TABLE 1 Characteristics of participants in TAO and HC groups.

Condition TAO group HC group t p

Gender (male/female) 14/7 14/7 N/A 1

Age (years) 54.17 ± 4.83 55.17 ± 5.37 −0.348 0.75

Duration (months) 11.25 ± 4.42 - - -

Education 11.17 ± 2.64 11.42 ± 1.95 −0.269 0.86

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*

IOP-OD 25.81 ± 2.35 15.33 ± 1.20 −5.554 <0.001*

IOP-OS 25.62 ± 2.32 15.10 ± 1.11 −5.560 <0.001*

Notes: Independent sample t-test for the normally distributed continuous data (means ± SD). Chi-squared test for sex. *p < 0.05 indicated statistically significant. TAO, thyroid-associated

ophthalmopathy; HC, healthy control; BCVA, best-corrected visual acuity; OD, oculus dexter; OS, oculus sinister; IOP, intraocular pressure.

FIGURE 1
Distribution of dALFF using the following three distinct sliding window parameter settings in the typical frequency band (0.01–0.08 Hz) in TAO (left
column) and HC (right column) groups: (A)window length of 30 TRs (60 s), (B)window length of 50 TRs (100 s), and (C)window length of 80 TRs (160 s).
dALFF, dynamic amplitude of low-frequency fluctuation; TAO, thyroid-associated ophthalmopathy; HC, healthy control; L, left; R, right.
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3.4 Correlation analysis

There was no correlation between mean dALFF values and
disease duration, BCVA, or IOP in patients with TAO.

4 Discussion

This study used dALFF analysis to investigate the temporal
variability in local brain activity in patients with TAO. Compared
with HCs, patients with TAO exhibited decreased dALFF in several
posterior brain regions in the right hemisphere such as the calcarine
gyrus (BA 17,18) and lingual gyrus (BA 18). We used other sliding
window lengths to verify our findings and found that the temporal
variability of dALFF in the right calcarine was highly reproducible
across different window lengths. In addition, dALFF in the right
precuneus (BA 7) and right SPL (BA 7) in TAO was reduced by
using window lengths equal to 30 and 80 TRs. Unfortunately, the
dALFF variability in these regions could not be used to classify
patients with TAO and HCs, achieving an accuracy of 45.24%–
47.62% and AUC of 0.35–0.44, because AUCs of 0.5–0.7 indicate low
accuracy and 0.7–0.9 represents higher accuracy. Indeed, no
correlation was found between the clinical variables and the
dALFF of these brain regions. Nonetheless, the present study
emphasized the significance of considering dynamic local brain
activity in TAO.

We found that the spatial pattern of temporal variability of
dALFF in the right calcarine was highly reproducible across different
window lengths. The calcarine is regarded as the part of the primary
visual cortex (V1). On the one hand, it receives visual inputs from
the retina via thalamic relays and is associated with visual field
defects and blurred vision. On the other hand, it receives visual
information from the lateral geniculate body and is the core
component of binocular vision, creating depth perception
(Weiler, 2017). Dysfunction in the primary visual cortex is a
common finding among various eye diseases such as glaucoma

(Chen et al., 2022b), diabetic retinopathy (Huang et al., 2021),
exotropia and amblyopia (Liang et al., 2016; Chen J. et al., 2021),
and optic neuropathy (Sujanthan et al., 2022). Compared with HCs,
patients with active TAO demonstrated decreased fALFF in the right
calcarine (Zhu et al., 2022) and decreased FC between hemispheric
calcarine gyri (Qi et al., 2022; Wen et al., 2022). The microvascular
density of the optic nerve head has been negatively correlated with
fALFF in the right calcarine (Zhu et al., 2022). Patients with TAO
and in the euthyroid status showed decreased fALFF in the bilateral
calcarine (Chen et al., 2021d) and decreased VMHC in lingual gyri/
calcarine (Chen et al., 2021b). The VMHC of the lingual gyri/
calcarine was positively correlated with visual acuity (Chen et al.,
2021b). Moreover, patients with hyperthyroidism and without
orbital symptoms showed reduced GMV in the bilateral
calcarine, suggesting a preclinical stage of TAO (Zhang et al.,
2014). However, no particular differences were observed in the
calcarine gyrus in patients with inactive TAO, relative to HCs or
patients with active TAO (Chen et al., 2021c; Luo et al., 2022). In the
present study, patients with active TAO consistently demonstrated
decreased dALFF variability in the right calcarine (BA 17, 18);
findings obtained from three different sliding window values
of ×30, ×50, and ×80 TRs were in line with the aforementioned
studies. Altogether, static and dynamic dysfunctions of the calcarine
might be promising indicators in TAO, which may be associated
with impaired retinal projection and binocular fusion.

The visual pathway consists of ventral and dorsal streams. The
ventral stream originates from V1 and projects to the inferior temporal
cortex. The lingual gyrus is a key hub in the ventral stream and is
commonly known as the ventral occipitotemporal region (lingual,
fusiform, and parahippocampal gyri) and participates in face
recognition (Dinkelacker et al., 2011). In the present study, dALFF
was lower in the right lingual gyrus in active TAO patients than that in
HCs, which is consistent with the previous finding of reduced FC
between the contralateral MTG and bilateral calcarine/lingual gyri
(Wen et al., 2022). This suggested that the ventral stream, which
processes faces, was impaired (Reisch et al., 2022).

TABLE 2 Brian regions with significant differences in dALFF values between TAO and HC groups (voxel-level p < 0.01 for Gaussian random field correction, cluster-
level p < 0.05).

Region Brodmann’s areas Side MNI coordinate Peak T Cluster size

x y z

TAO < HC, with a window size of 30 TRs and sliding step of 1 TR

Calcarine 17, 18 R 21 −87 0 −3.30 40

Superior parietal lobule 7 R 30 −57 60 −4.42 47

Precuneus 7 R 9 −66 63 −3.60 40

TAO < HC, with a window size of 50 TRs and sliding step of 1 TR

Calcarine 17, 18 R 21 −75 12 −3.79 50

Lingual gyrus 18 R 34 −60 0 −3.41 40

TAO < HC, with a window size of 80 TRs and sliding step of 1 TR

Calcarine 17, 18 R 21 −75 12 −3.63 40

Superior parietal lobule 7 R 27 −81 51 −3.40 11

Precuneus 7 R 6 −72 57 −3.91 36

dALFF, dynamic amplitude of low-frequency fluctuation; TAO, thyroid-associated ophthalmopathy; HC, healthy control; MNI, Montreal Neurological Institute; GFR, Gaussian random field

theory; TR, time of repetition; R, right.
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The dorsal visual stream starts from V1 and projects to the
posterior parietal cortex, which is important for binocular vision
fusion, and has predominant advantages in decoding the disparities

present in 3D images. The SPL forms the association cortex of the
parietal lobe and is responsible for visual-motor coordination
(Wolpert et al., 1998). Located medial to the SPL, the precuneus

FIGURE 2
Brain regions with significant differences in dALFF between TAO andHC groups using the following three distinct slidingwindow parameter settings:
(A) window length of 30 TRs (60 s), (B) window length of 50 TRs (100 s), and (C) window length of 80 TRs (160 s). The histogram shows the mean and
standard deviation of dALFF values in these regions in TAO and HC groups. dALFF, dynamic amplitude of low-frequency fluctuation; TAO, thyroid-
associated ophthalmopathy; HC, healthy control; LING, lingual gyrus; CAL, calcarine; PreCun, precuneus; SPL, superior parietal lobule; TR, time of
repetition; L, left; R, right.
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FIGURE 3
Classification results using SVM based on dALFF values using the following three distinct sliding window parameter settings: (A) window length of
30 TRs (60 s), (B)window length of 50 TRs (100 s), and (C)window length of 80 TRs (160 s). The left column of images shows a 10-fold in the class 1 (TAO
group) and class 2 (HC group), and the right column shows the ROC curve of the SVM classifier with AUC values of 0.44, 0.37, and 0.35, respectively.
dALFF, dynamic amplitude of low-frequency fluctuation; TAO, thyroid-associated ophthalmopathy; HC, healthy control; ROC, receiver operating
characteristic; SVM, support vector machine; AUC, area under the curve.

Frontiers in Cell and Developmental Biology frontiersin.org08

Wen et al. 10.3389/fcell.2023.1174688

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1174688


is a component of the dorsal stream as well as the default mode
network. It receives visual information from cortical area V5, which
plays an important role in visuospatial imagination and plot
memory extraction (Cavanna and Trimble, 2006). Most previous
imaging studies have shown that the structure and function of the
precuneus changed in TAO. However, there have been
inconsistencies in the results. Compared with HCs, the right
precuneus of patients with active TAO was atrophied, which
indicated cognitive impairment (Silkiss and Wade, 2016). In
contrast, compared with HCs and patients with inactive TAO,
the GMV of the left precuneus of patients with active TAO was
increased. The GMV of the right precuneus was positively correlated
with CAS, left exophthalmos, and quality of life in thyroid eye
disease (TED-QOL), while it was negatively correlated with right eye
visual acuity (Luo et al., 2022). Qi et al. (2021) found that ALFF of
the bilateral precuneus was lower in patients with active TAO, while
Chen et al. (2021c) did not find differences between patients with
active TAO and HCs. The ALFF in the right precuneus in TAO was
positively correlated with CAS and MMSE scores but negatively
correlated with disease duration (Chen et al., 2021c). Our study
found decreased dALFF in the right precuneus and speculated that it
was related to the slow processing speed of visual spatial
information. In future studies, more attention needs to be paid to
the importance of the precuneus in TAO.

In the present study, the SVM classification was adopted, and
dALFF was used as a feature to distinguish patients with active TAO
from HCs. Unfortunately, the dALFF variability in these regions
only achieved an accuracy of 45.24%–47.62% and AUCs of
0.35–0.44, indicating poor accuracy. Hence, which indicator
could be most sensitive to detecting TAO-related brain changes
has to be determined yet.

There were some limitations to the present study. First, the
sample size was small. Second, this study recruited patients with
active TAO to explore TAO-specific brain functional changes
without controlling for levels of thyroid hormones. Changes in
thyroid hormone have short- and long-term effects on brain
function (Gobel et al., 2020). Other studies that recruited patients
with TAO and in a hematologically euthyroid state (Chen et al.,
2021d; Jiang et al., 2022; Zhou et al., 2022), or those that performed
longitudinal monitoring of thyroid hormone levels, may provide
additional evidence for understanding the role of thyroid hormones
in the visual and cognitive impairments seen in TAO.

In conclusion, this study found that in the pathogenesis of TAO,
the dALFF in visual cortex and ventral and dorsal pathways
decreased. This might indicate that patients with TAO may need
to consider neuroprotective therapy in the future.
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