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Purpose: To assess neural changes in perceptual effects induced by myopic defocus

and hyperopic defocus stimuli in ametropic and emmetropic subjects using functional

magnetic resonance imaging (fMRI).

Methods: This study included 41 subjects with a mean age of 26.0 ± 2.9 years. The

mean spherical equivalence refraction was −0.54 ± 0.51D in the emmetropic group and

−3.57 ± 2.27D in the ametropic group. The subjects were instructed to view through full

refractive correction, with values of +2.00D to induce myopic defocus state and−2.00D

to induce hyperopic defocus state. This was carried over in three random sessions.

Arterial spin labeling (ASL) perfusion was measured using fMRI to obtain quantified

regional cerebral blood flow (rCBF). Behavioral tests including distant visual acuity (VA)

and contrast sensitivity (CS), were measured every 5min for 30 min.

Results: Myopic defocus induced significantly greater rCBF increase in four cerebral

regions compared with full correction: right precentral gyrus, right superior temporal

gyrus, left inferior parietal lobule, and left middle temporal gyrus (P < 0.001). The

differences were less significant in low myopes than emmetropes. In the hyperopic

defocus session, the increased responses of rCBF were only observed in the right and

left precentral gyrus. Myopic defocused VA and CS improved significantly within 5min

and reached a plateau shortly after.

Conclusion: This study revealed that myopic defocus stimuli can significantly increase

blood perfusion in visual attention-related cerebral regions, which suggests a potential

direction for future investigation on the relationship between retinal defocus and its

neural consequences.

Keywords: fMRI, myopia, defocus, neural change, arterial spin labeling
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INTRODUCTION

Increasing evidence from a diverse range of animal studies
indicates that ocular growth is strongly guided by visual error
signals, specifically the optical defocus (Wildsoet, 1997; Wallman
and Winawer, 2004). When myopic defocus induced by the lens
(image-focused anterior to the retina) is imposed on the eyes of
the animals, the eye rapidly compensates and becomes hyperopic
by altering the depth of the vitreous chamber, increasing
choroidal thickness, and slightly decreasing in ocular length
(Wallman et al., 1995; Wildsoet and Wallman, 1995; Hung et al.,
2000; Zhu et al., 2013). These responses function to reduce
retinal blur and, thus, are generally accepted as a foundation
for emmetropization, an optically guided process essential to the
normal growth of the eye. In the study of Wildsoet andWallman,
they found that when interfering with neural communication
between the retina and the brain of a chick by optic nerve section,
hyperopic defocus induced myopia was impaired (Wildsoet and
Wallman, 1995). However, little is known about what cues does
the retina use to discern the defocus signal.

A perceptual mechanism has been shown to contribute to the
regulation of image defocus. Blur adaption experiment suggested
that myopic defocus could lead to visual function improvement
as prolonged exposure to optical defocus would increase the
ability to detect and recognize letters (Mon-Williams et al.,
1998). In addition, blur adaptation improves the visual quality
by adjusting the spatial frequency signal pathway through the
neural adaptation process to maintain the spatial structure of the
image (Webster et al., 2002). The study of Dillingham found that
cutting the optic nerve nucleus of the isthmus (the connection
between the central nervous system [CNS] and the retina)
induced initial, transient hyperopia in the contralateral eye. This
finding implicates ipsilaterally projecting centrifugal neurons in
the regulation of emmetropization mechanisms, a process that
may take over via nitric oxide/dopaminergic pathways. It further
proves that light-dependent ocular development is closely related
to the CNS (Dillingham et al., 2016).

The aim of the current study is to investigate two aspects of
CNS and defocus stimuli: (1) the short-term effect of myopic and
hyperopic defocus on cerebral blood flow (CBF), and (2) whether
the response varies along with refractive status. Studying the
effect of defocus signal on human brain function can facilitate our
understanding of the changes in the human advanced nervous
system caused by the optical correction.

METHODS

Subjects
A total of 41 subjects participated in this study. The inclusion
criteria were as follows: (1) age ranged from 18 to 35 years,
with either emmetropia or ametropia, (2) no more than 1.00D
astigmatism and <1.50D anisometropia binocularly, and (3)
had a normal or corrected-to-normal vision of logarithm of the
minimum angle of resolution (logMAR) visual acuity (VA) 0.00
(Snellen 6/6 or 20/20) or better. The exclusion criteria were
as follows: (1) any history of amblyopia, ocular pathologies, or
other ocular anomalies (e.g., surgery, trauma) that might have

influenced the measurement, and (2) any mental or nervous
system disease, cardiovascular diseases, or other symptoms
unsuitable for MRI scanning. Emmetrope was defined as having
spherical equivalent refraction (SER) of +0.75D to −0.75D
inclusive. Myope was defined as having a negative SER of at least
−0.75D and was classified into three levels as low, moderate, and
high myope (−3 to−0.75D,−6 to−3D, and≤-6D, respectively).
All procedures in this research adhered to the tenets of the
Declaration of Helsinki and the experimental procedure was
approved by the Institutional Review Board of Beijing MRI
Center for Brain Research (BMCBR).

Ocular Examinations
The researchers performed ocular examinations for the subjects
after explaining the nature and procedures of the study to
them and obtaining their signed consent. Ocular examinations
included logMAR VA, dominant eye test, manifest and
cycloplegic refraction (Auto Ref/Keratometer WAM-5500,
Grand Seiko, Japan). Tropicamide eye drops were administered
two times for every 15min during the examinations. In addition,
the prescription of glasses, head circumference, height, and
weight of the subjects were measured.

Behavior Test
The logMAR VA and contrast sensitivity (CS) were both
measuredmonocularly at 5min intervals over 30min. During the
course, all the emmetropes and full-corrected myopic subjects
wore a non-magnetic trial frame with a convex plastic lens of
+2D to induce themyopic defocus state. The subjects maintained
a distance fixation of 4m throughout the trial period. All the VA
measurements were taken from the right eye, whereas the left eye
was fully occluded.

Magnetic Resonance Imaging
Magnetic resonance imaging was performed on a Siemens 3T
Prisma scanner (Erlangen, Germany) with a 20-channel receive
head coil in BMCBR. During MRI scanning, subjects were asked
to lie down still in the scanner, and the head movement was
minimized by two pieces of foam surrounding the head of
the subjects.

High-resolution (1 × 1 × 1 mm3) structural image was
acquired with a 3D magnetization-prepared rapid gradient-echo
(MP-RAGE) sequence for T1 weighted (TR = 2530ms, TE =

3.25ms, flip angle = 9◦, FOV = 256 × 256mm, matrix = 256
× 256, 176 sagittal slices with 1 mm thickness).

Arterial spin labeling (ASL) perfusion MRI, which uses
magnetically labeled arterial water as an endogenous tracer to
obtain quantified CBF maps, was performed with 3D gradient
and spin-echo (GRASE) pseudo-continuous arterial spin labeling
(pCASL) sequence (TR = 4,000ms, TE = 17.96ms, FOV = 192
× 192mm, voxel size= 3× 3mm, 24 slices acquired in ascending
order, slice thickness = 5mm with 1mm gap between slices,
labeling duration = 1,650ms, post labeling delay = 1,200ms,
number of controls/labels= 30 pairs). The stimuli were generated
by a computer and were back-projected on a screen located inside
the MRI bore in front of the head of the patient. Subjects viewed
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the screen at a total path length of 65 cm through a mirror
situated above their eyes (Figure 1).

Apparatus and Stimuli
Custom algorithms written in MATLAB were used in all
experiments to obtain stimulated images blurred with defocus.
All the images were with a size of 613× 613 pixels and presented
as vertical black and white grating whose blur was manipulated
(Sawides et al., 2010). The blur of the grating was intermediate
between that of a square grating and a sine grating. This was
achieved by replacing each of the sharp edges of a square grating
with half cosine wave luminance profiles.

Procedure
Each subject attended three measurement sessions, each
conducted in a randomized order. The CBF images were obtained
before and at 15min intervals, it was observed during 7min
whether the spectacle induced +2D spherical myopic defocus,
−2D spherical hyperopic defocus, or clear vision. All the
emmetropes and full-corrected myopic subjects wore a non-
magnetic trial frame with a plastic lens of +2D to induce a
myopic defocus state or a plastic lens of −2D to induce a
hyperopic defocus state. The emmetropes wore plain glasses, and
the myopic subjects wore glasses that provide the full correction
to induce clear focus. During each experimental session, the

FIGURE 1 | Schematic diagram of the subjects receiving visual tasks.

TABLE 1 | Characteristics of the subjects.

All Emmetropes Low myopes Moderate myopes High myopes

N 41 9 6 16 10

Age, mean (year) 26.0 ± 2.9 27.0 ± 4.4 25.5 ± 1.8 25.6 ± 2.3 25.9 ± 2.8

Gender (male/female) 15/26 6/3 2/4 3/13 4/6

Dominant eye (right/left) 22/19 4/5 3/3 9/7 6/4

Handedness (right/left) 40/1 8/1 6/0 16/0 10/0

Right eye SER, mean (D) −3.64 ± 2.35 −0.53 ± 0.33 −2.22 ± 0.63 −4.02 ± 0.91 −6.67 ± 1.20

Left eye SER, mean (D) −3.57 ± 2.27 −0.55 ± 0.51 −2.26 ± 0.40 −3.92 ± 0.99 −6.53 ± 0.84

Height, mean (cm) 168.2 ± 7.8 171.0 ± 7.6 168.3 ± 14.0 165.6 ± 5.2 169.9 ± 6.4

Weight, mean (kg) 61.7 ± 12.9 67.6 ± 13.8 61.8 ± 14.8 57.9 ± 11.1 62.4 ± 13.5

SER, spherical equivalent refraction; D, diopter.
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subjects were asked to have a 7-min binocular distant viewing
tasking of watching a grating image with 613 × 613 pixels
projected on a translucent screen (subtending visual field of
60◦ at a viewing distance of 65 cm). The image was projected
on the screen through a tilted mirror mounted on the head
coil to achieve optimal viewing distance. The experiments were
performed in a roomwith an illumination of 10 lux. Subjects were
unknown to the effect of the stimulation condition.

Data Processing
The first two volumes of each functional run were discarded
to allow for magnetization equilibration. Data were analyzed

using statistical parametric mapping (SPM8) (Wellcome Trust
Centre for Neuroimaging, University College London, UK)
under MATLAB. Other images were realigned and resliced to
correct for head motion with a mean volume created. The subject
whose head motion exceeded 3mm or rotation exceeded 3◦

during scanning were excluded. All realigned echo-planar images
(EPI) were subsequently smoothed using an 8mm full-width
at half-maximum (FWHM) isotropic Gaussian kernel in SPM8.
Images of CBF were then reconstructed from preprocessed
EPI images, and the acquired CBF images were averaged to
mean image for each condition (1 resting and 3 visual tasks).
The mean CBF images were finally normalized to standard

FIGURE 2 | Average activation maps resulting from group analysis, showing the increase of neural activation in myopic defocus relative to clear focus state. Color

scale indicates score significance level.
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Montreal Neurological Institute (MNI) space, and the voxels
were resampled to isotropic 2× 2× 2 mm3.

The normalized mean CBF maps of defocus and clear focus
were modeled in a paired t-test factorial design with SPM8. The
brain areas showing a significant difference in the CBF between
two visual tasks were filtered at threshold P< 0.001 (uncorrected,
cluster size ≥30) as a region of interest (ROI).

The value of the regional CBF (rCBF) of each ROI over the
threshold was extracted from the normalized mean CBF images
and then normalized with the global mean of the whole volume.
A paired t-test of the corrected rCBF values was conducted in
SPSS 20 to reveal the significant difference between defocus signal
and clear focus.

The individual who processed the data was masked to the
stimulus condition.

RESULTS

After screening through the ophthalmic examination, 41 subjects
met the inclusion criteria and completed the fMRI examination.
According to their cycloplegic SER, the 41 subjects were grouped
into emmetropes, low myopes, moderate myopes, and high
myopes. Mean SER was −3.64 ± 2.35D in right eyes and −3.57
± 2.27D in left eyes. There was no significant difference in mean
age, gender, height, and weight among groups (P> 0.05,Table 1).

The results during the myopic defocus session showed
increased CBF in several cerebral regions compared with clear
focus stimulation (Figure 2, P < 0.001, cluster size ≥30,
and Table 2). The rCBF of myopic defocus stimulation was
significantly higher than clear focus in four ROIs: right precentral
gyrus, right superior temporal gyrus, left inferior parietal lobule,
and left middle temporal gyrus. The results during the hyperopic
defocus session showed that the rCBF of hyperopic defocus
stimulation was significantly higher than clear focus in the right
precentral gyrus and left precentral gyrus (Figure 3, P < 0.001,
cluster size ≥30, and Table 2).

When the brain received myopic defocus signal and the clear
focus signal, the average elevation of rCBF was 78.12 ± 1.18
ml/100 g/min and 74.70 ± 1.26 ml/100 g/min respectively in the
right precentral gyrus, 76.07 ± 0.78 ml/100 g/min and 73.67 ±

0.72 ml/100 g/min in the right superior temporal gyrus, 72.29
± 0.90 ml/100 g/min and 70.42 ± 0.84 ml/100 g/min in the
left inferior parietal lobule, and 79.48 ± 0.95 ml/100 g/min and
77.50 ± 0.89 ml/100 g/min in the left middle temporal gyrus.
The differences between groups were statistically significant
(P < 0.05) (Figure 4).

We further compared the magnitude of changes of rCBF
in four ROIs among subjects with different myopia degrees
(Figure 5). The rCBF changes in the right superior temporal
gyrus area for subjects in four groups (emmetropia, low
myopia, moderate myopia, and high myopia group) were 63.24,
60.23, 64.20, and 63.11 ml/100 g/min, the increase was the
least significant in the low myopia group. In the left inferior
parietal lobule, the increase was less significant in the low
and high myopia groups, and the mean values for the four

groups were 80.99, 77.51, 80.62, and 77.46 ml/100 g/min. One-
way ANOVA among groups showed no significant statistical
difference (P > 0.05).

The magnitude of the rCBF signal collected at each
measurement time point was exported at 8 s intervals. During
the 7-min visual tasks, the average rCBF signal intensities in
four ROIs were collected (Figure 6) revealing that compared with
clear focus visual tasks, average rCBF signal intensity was higher
when receiving myopic defocus (P < 0.05). However, the changes
in signal intensity reached a plateau within 1min after exposure
of defocus.

The logMAR VA and CS were assessed before and after
myopic defocus. There were significant decreases of both VA and
CS for all subjects at the point of perceiving+2Dmyopic defocus.
Afterward, the defocus visual function was collected at 5min
intervals. The average VA and CS were improved over time (P <

0.01). Overall, 30min of defocused viewing produced significant
improvement of VA by 0.14+0.09 logMAR and CS by 0.91+0.51
logCS, respectively (Figure 7).

DISCUSSION

With the ASL technique of event-related-fMRI, we found that
the myopic defocus visual stimulation induced the function and
perfusion increase in the following cerebral regions relative to
the clear focus stimulation: right precentral gyrus, right superior
temporal gyrus, left inferior parietal lobule, and left middle
temporal gyrus. The above regions were related to oculomotor
response, enhancement of attention and awareness triggered by
visual stimulation, contemplating distance, and recognition of
the image. In addition, we found that hyperopic defocus had
less improvement in the above regions. It suggested that the
mechanism of the defocus signal involved the functional change
of CNS. The functional changes will occur shortly after receiving
the retinal defocus signal.

The event-related-fMRI method provides a new approach to
assessing the neural underpinnings of visual perceptual effects
induced by the defocus stimulus. The fMRI has millimeter spatial
resolution and second-order temporal resolution. Through
acquiring changes in MRI signals caused by changes in local
blood oxygenation, blood flow, and volume caused by neuronal
activity in the brain, the location, intensity, and dynamic
changes of different functional activities can be measured
without injury. This reveals the CNS mechanisms of audio
and visual perception. In this study, the behavioral results and
fMRI findings are consistent and correlated. Myopic defocus
can improve visual function within 5min; at the same time,
the increase of blood flow in the visual attention area could
be observed.

Animal research showed that visual error signals strongly
guided ocular growth. Myopic defocus will slow myopia
progression, and hyperopic defocus will accelerate myopia
progression (Norton and Amedo, 2006; Benaventeperez et al.,
2012; Benaventepérez et al., 2014; McFadden et al., 2014).
Transecting the optic nerve can affect the occurrence of lens-
induced myopia in lens-induced myopia in chicken, but it does
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TABLE 2 | The active loci of myopic defocus and hyperopic defocus of increased regional cerebral blood flow (rCBF) response compared with clear defocus.

Activation loci Brodmann area Z MNI coordinates

x, y, z (mm)

Myopic defocus vs. clear focus (1) Right precentral gyrus 44 4.59 66 10 8

(2) Right superior temporal gyrus 22 4.06 66 −36 14

(3) Left inferior parietal lobule 40 4.06 −64 −34 36

(4) Left middle temporal gyrus 21 3.97 −62 −54 0

Hyperopic defocus vs. clear focus (1) Right cerebrum, frontal lobe, precentral gyrus 4 4.98 26 −28 50

(2) Right cerebrum, frontal lobe, precentral gyrus 4 4.51 44 −18 36

(3) Left cerebrum, frontal lobe, precentral gyrus 40 4.93 −28 −36 44

FIGURE 3 | Average activation maps resulting from group analysis, showing the increase of neural activation in hyperopic defocus relative to clear focus state. Color

scale indicates score significance level.
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FIGURE 4 | The rCBF signal intensity (ml/100 g/min) change in four ROI averaged over 41 subjects (error bars represent SEM).

FIGURE 5 | The rCBF signal intensity (ml/100 g/min) changes in four ROIs among different refractive groups. Group 1: emmetropia, Group 2: low myopia, Group 3:

moderate myopia, and Group 4: high myopia.
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FIGURE 6 | The time course of rCBF signal intensity (ml/100 g) within 7min in four ROI: (1) right precentral gyrus; (2) right superior temporal; (3) left inferior parietal

lobule; (4) left middle temporal gyrus. The blue curve stands for myopic defocus, orange curve stands for clear focus.

not affect form-deprivation myopia (Wildsoet and Wallman,
1995; Dillingham et al., 2013). The experiment results showed
an interaction between lens-induced myopia and CNS, and the
set point of the emmetropization was recalibrated after the
optic nerve was cut off (Wildsoet, 2003). Additionally, ocular
structure altered quickly after the eyeball received the defocus
signal. The depth of the vitreous chamber and the choroidal
thickness had compensatory change when myopic defocus is
imposed on the eye of a human. In this compensatory change,
the axial length of the eye was slightly shortened, thereby
becoming hyperopic (Read et al., 2010; Chakraborty et al., 2012),
suggesting eyes can quickly detect and respond to defocus signals
(Zhu et al., 2005). Adaptation experiments in humans showed
that myopic defocus could improve vision to a certain extent
and if the human is continuously exposed to myopic defocus
stimulation, their ability to distinguish and identify objects
will gradually improve. Even though the impact of spectacle-
wearing on myopia progression has been documented in quite
a several clinical studies, the under-correction effect on myopia
progression remains controversial (Smith, 2013; Li et al., 2015).
The effect of myopic defocus signal is stronger than that of
hyperopic defocus signal. Recent studies have found that 2-h
myopic defocus stimulation per day can inhibit ocular elongation
(Nickla et al., 2017). Transitory myopic defocus stimulation can
compensate for the myopic effect caused by long-time hyperopic
defocus stimulation (Zhu et al., 2003).

Furthermore, it has been discovered that brain structure
changes in patients with high myopia due to abnormal sensory
input. The study of Guo (Li et al., 2012). found that the density of
white matter in the brain was higher in patients with highmyopia
than in healthy controls, while there was no difference in the
density of gray matter. The connection between the visual cortex
and the visual connecting region is enhanced under the influence
of visual awareness. These pieces of evidence indicated that to
better collect and integrate visual signals, the brains of high
myopia patients developed an adaptive compensatory change to
enhance the functional connection between the visual cortex and
the related visual regions. The finding that changes only occur
on white matter in the brain suggests that late-onset eye disease
affects the structure of the brain in different ways. This is because
the volume of gray matter is in a stable state in adulthood, while
the development of white matter continues for a lifetime due to
its close relation to functional training. The study of Guo (Zhai
et al., 2016) further explored the functional connectivity density
(FCD) in patients with high myopia, which found that FCD
in the left inferior temporal gyrus (ITG), supramarginal gyrus
(SMG), and rostrolateral prefrontal cortex (rlPFC) was lower
than those of healthy controls. Uncorrected VA is related to the
long-range FCD of rlPFC. It is worth noticing that the left ITG
is related to the ability of the ventral visual pathway to identify
objects. In animal experiments, if the function of the ITG region
is damaged, the attention filter function can be compromised
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FIGURE 7 | The average change of VA and CS over time.

(Zhang et al., 2011). The damage of SMG is associated with visual
attention deficit (Perry and Zeki, 2000; Corbetta and Shulman,
2002), including spatial and locating attention. This means that
the visual attention regulation function of high myopia patients
is abnormal. The visual experience affects sensory cortex function
because of its plasticity (Kaas et al., 1990; Chino et al., 1992;
Gilbert and Wiesel, 1992; Chino, 1995; Lewis and Maurer, 2005).
Although the moderate myopic defocuses stimulation may slow
the myopia progression, we should note that visual deprivation
must be avoided because there are multiple sensitive periods
during which experience can influence visual development
(Blakemore and Cooper, 1970; Lewis and Maurer, 2005).

The retinal defocus mechanism of myopia has been
considered to be mainly regulated locally, while some scholars
believed the possibility that the defocus mechanism involves
brain regulation. The current study validated the hypothesis: the
adaptive change and the improvement of visual function induced
by myopic defocus may be associated with functional changes
in CNS. The right precentral gyrus locates at Brodmann44 and
controls both ocular and somatic movement (Iacoboni et al.,
1997). Saccade occurs when the visual stimulation is mainly
composed of low or high spatial frequency components (Burr
et al., 1994), and uncorrected myopia will lead to increased
saccadic eye movement (Ghasia and Shaikh, 2015). The function
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of ocular movement is to shift the visual attention to fix on
features that are of particular interest at the scene, and this
function is strongly related to visual attention. The left middle
temporal locates at Brodmann21 and is related to distance
recognition. The right superior temporal gyrus locates at
Brodmann22 and is associated with the ability to identify the
object in the ventral visual pathway. In the animal experiment,
if this area is damaged, the attention filtering function will be
compromised (Zhang et al., 2011). The left inferior parietal
lobule locates at Brodmann40 and is also related to visual
attention (Goldberg et al., 2002). The attention function network
locates in the parietal region and is a feedback source that
acts on the “top-down” signal pathway in the visual cortex
(Pessoa et al., 2003). The attention function can enhance
the perceived sensitivity visual stimulation recognition while
reducing the surrounding interference. Attention plays a key
role in processing audio and visual stimulation. For example,
when we receive a large amount of visual information from the
external environment, the irrelevant signal that fails to draw
attention will not be processed by the visual system. In addition,
from the perspective of perception, this type of signal will not
reach the consciousness level (Lavie, 1995). A previous study in
an experiment of Reinhart revealed the possibility of improving
VA through CNS, which showed that 20min of transcranial
direct-current stimulation (tDCS) to the visual cortex could
improve VA by 15%, and the improvement was accompanied
by changes in CS at high spatial frequencies (Reinhart et al.,
2016). It could be an inspiration for future study targeting
the impact of the tDCS on the attention and recognition
functional region of the brain. The increasing rCBF caused by
myopic defocus indicated a potential way of therapeutic training
on myopia.

Through establishing a control group and using the same
visual pattern, the brain function signals were compared under
the myopic defocus visual stimulation and clear focus visual
stimulation. It was found that myopic defocus visual stimulation
can lead to more increase in attention and awareness function,
suggesting myopic defocus visual stimulation activated stronger
advanced central visual processing function. This method
excluded the attentional function caused by the visual signal.
One of the limitations of this study is that it only proves
that the cerebral functional changes when receiving a visual
signal, which does not constitute sufficient evidence to confirm
that this change of function may cause ocular changes and
molecular signal transduction changes. However, several studies
have shown that there will be rapid and slight ocular changes
and visual function improvement when the eye receives a myopic
defocus signal. The future study will focus on ratifying the causal-
effect relationship between the ocular changes and brain function
changes by further exploring the “top-down” neural pathway in
the brain. In addition, the limited number of subjects in each
refractive group attributed to the failure to identify whether there
are statistically significant differences between the sub-group of
refractive error. In the future, we will expand the sample size
to further verify whether the difference does exist based on our
current exploratory analysis.

CONCLUSION

With the ASL technique of event-related-fMRI, the study found
that myopic defocus visual stimulation induced the function
and perfusion increase in the right precentral gyrus, right
superior temporal gyrus, left inferior parietal lobule, and left
middle temporal gyrus. The abovementioned cerebral regions
were related to oculomotor response, attention and awareness,
contemplating distance, and recognition of the image. The study
on the relationship between CNS and myopia will help us
understand the changes in CNS induced by refractive correction,
suggesting the potential role of adult brain function training and
brain plasticity in the mechanism of myopic defocus.
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Purpose: To investigate the possible changes in functional connectivity (FC) in patients
with non-arteritic anterior ischemic optic neuropathy (NAION) using resting-state
functional MRI (fMRI).

Methods: Thirty-one NAION patients and 31 healthy controls were recruited and
underwent resting-state fMRI scans. Regions of interest (ROIs) were defined as bilateral
Brodmann’s area 17 (BA17). FC analysis was performed between the ROIs and the
rest of the brain regions, and the between group comparisons of FC were performed.
We conducted correlation analysis between the FC changes and the clinical variables
in NAION patients.

Results: Compared with healthy controls, patients with NAION showed significantly
decreased FC between the left BA17 and the right inferior frontal gyrus, left
caudate nucleus. As for the right BA17, patients exhibited significantly increased
FC with the left olfactory gyrus and decreased FC with the right superior frontal
gyrus (SFG), right insula. Moreover, FC values between the right insula and
the right BA17 were positively correlated with the right side of mean sensitivity
in the central visual field (r = 0.52, P < 0.01) and negatively correlated
with the right side of mean defect in the central visual field (r = −0.55,
P < 0.01).

Conclusion: Our study indicated that patients with NAION showed significantly
abnormal functional reorganization between the primary visual cortex and several other
brain regions not directly related to visual function, which supports that NAION may not
only be an ophthalmic disease but also a neuro-ophthalmological disease.

Keywords: non-arteritic anterior ischemic optic neuropathy, functional connectivity, resting state, functional
magnetic resonance imaging, neural plasticity
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INTRODUCTION

Non-arteritic anterior ischemic optic neuropathy (NAION) is
the second most common type of optic neuropathy, with
an annual incidence of 2.3–10.2 cases per 100,000 people in
the United States (Johnson and Arnold, 1994; Hattenhauer
et al., 1997) and 6.25 cases per 100,000 people in China (Xu
et al., 2007). Typically, NAION is characterized by sudden,
painless unilateral loss of vision (Miller and Arnold, 2015).
Although the pathogenesis and pathophysiology of NAION
remain undetermined, the lesions are thought to result from
infarction of the short posterior ciliary arteries (vessels that
supply the anterior portion of the optic nerve head) (Knox et al.,
2000), which results in degeneration of retinal ganglion cells,
followed by loss of their axonal structure (Zhang et al., 2010).

Previous studies of NAION have mainly concentrated on
its pathophysiology, clinical characteristics, prevention, and
treatment (Katz and Trobe, 2015; Qin et al., 2015; Berry
et al., 2017; Keren et al., 2017). In general, studies concerning
the structural and functional plasticity of the brain in cases
of NAION are rare because conventional magnetic resonance
imaging (MRI) provides little information pertaining to the
lesion. Functional MRI (fMRI), a non-invasive neuroimaging
technique, has made it possible to explore neural plasticity in
NAION. The fMRI has been widely used to study changes in
brain function in several eye-related diseases (Burton et al.,
2004; Wang et al., 2008, 2021; Shao et al., 2015; Li et al.,
2016; van Kemenade et al., 2017; Huang et al., 2018; Min
et al., 2018; Xu et al., 2019). Additionally, several fMRI
studies have demonstrated abnormal spontaneous brain activity
in patients with NAION (Aguirregomozcorta et al., 2011;
Guo et al., 2019, 2020).

Functional connectivity (FC) measures the degree of
synchrony of the BOLD time-series between different brain
regions (Tononi et al., 1994; Liu et al., 2015, 2017; Lv et al., 2018).
However, few studies have provided information regarding the
FC changes in NAION patients. The primary visual cortex is the
first step in cortical visual processing, and its degree of activation
is closely related to optic nerve damage that occurs in eye-related
diseases. Previous studies have found FC alterations within
the primary visual cortex in cases of primary angle-closure
glaucoma (Wang et al., 2021), strabismus (Zhu et al., 2018),
and amblyopia (Dai et al., 2019). In addition, another study has
demonstrated that NAION not only damages the retinal ganglion
cells and reduces optic nerve integrity, but also damages the
visual cortex (Wang et al., 2011). A previous fMRI study found
that activation in the bilateral occipital cortex was decreased after
stimulating the affected eye in patients with NAION than after
stimulating the eyes of healthy controls (Aguirregomozcorta
et al., 2011). These findings indicate that NAION might be related
to functional changes within the primary visual cortex. However,
it remains unclear whether there are FC changes between the
primary visual cortex and the other cortical regions in NAION.
Here, we hypothesized that there may be significant changes in
FC between the primary visual cortex and other cortical regions
in NAION, and the changes would be consistent with the visual
network pathology observed in patients with NAION.

MATERIALS AND METHODS

Participants
Thirty-one patients with NAION (20 males and 11 females) who
visited the ophthalmology Department at Dong Fang Hospital
affiliated with Beijing University of Chinese Medicine were
enrolled in the study according to the following inclusion criteria:
(1) a typical clinical history of sudden, painless, and monocular
visual loss or successive bilateral visual loss; (2) receival of
standardized treatment and evaluation at our hospital; and (3) no
history of coronary artery disease, hypertension, sleep disorders,
or drug addiction. The exclusion criteria were as follows: (1)
systemic features suggesting optic neuritis, giant cell arteritis,
posterior ischemic optic neuropathy, or a history of optic tumor
or other ocular disease; (2) symptoms of neurological disorders,
mental disorders, or the inability or unwillingness to cooperate;
and (3) abnormal function in the liver or kidney. In addition,
31 healthy controls (HCs) matched for age and gender were
recruited according to the following criteria: (1) no history of
ocular disease or symptoms of neurological disease; and (2) visual
acuity > 1.0 on the vision chart. All participants underwent a
vision acuity test, intraocular pressure measurement, a central
visual field test, optical coherence tomography to measure retinal
nerve-fiber layer thickness, and MRI scanning.

Imaging Data Acquisition
All participants were scanned by a 1.5 Tesla MRI scanner
(Intera Achieva System, Royal Philips, Amsterdam, Netherlands)
with an eight-channel head coil. The participants were asked
to wear sponge earplugs and a black blinder and to refrain
from thinking about anything during the scans. The functional
data were obtained using an echo planar imaging (EPI) pulse
sequence with each scan. Thirty-five axial slices were acquired
with the following parameters: repetition time = 3,000 ms, echo
time = 30 ms, flip angle = 90◦, field of view = 220 mm × 220 mm,
matrix = 64 × 64, thickness = 3.6 mm, and gap = 0.72 mm,
100 time points. The total scan time was 300 s. Furthermore,
high-resolution structural images (3D BRAVO) were acquired
with the following parameters: matrix = 256 × 256, field of
view = 256 mm × 256 mm, thickness = 1.0 mm, number of
excitations = 2, repetition time = 6.5 ms, echo time = 3.2 ms, and
flip angle = 8◦, number of slices = 160.

Functional Magnetic Resonance Imaging
Data Processing
All data were analyzed using the Data Processing Assistant for
Resting State fMRI (DPARSF)1, which is based on Statistical
Parametric Mapping version 8 (SPM8)2 and the Resting-State
fMRI Data Analysis Toolkit (REST)3, and was implemented
in MATLAB 2014a (Mathworks, Natick, MA, United States).
The following preprocessing steps were employed: the first
10 volumes were removed because of signal equilibrium and

1http://www.rfmri.org/DPARSF_V2_3
2https://www.fil.ion.ucl.ac.uk/spm/
3http://www.restfmri.net/forum/REST_V1.8
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participants take time to adapt to the scanning environment;
after that, slice timing and head motion correction were
performed. Participants with head movements greater than
1.5 mm along any axis (x, y, or z) or greater than 1.5◦

in any direction were excluded (four patients were removed
from data analysis for this reason). Next, based on the
standard stereotaxic coordinate system, the corrected fMRI
images were spatially normalized to a Montreal Neurological
Institute (MNI) template brain; each voxel was resampled
to isotropic 3 mm × 3 mm × 3 mm. The covariates
(whole-brain head motion parameters, cerebrospinal fluid
signal, and white matter signal) were removed after that.
Then, linear trends in the time courses were removed and
temporally bandpass filtered (0.01–0.08 Hz) to reduce the
effect of physiological high-frequency respiration and cardiac
noise, and low-frequency drift; finally, the images were
smoothed with a full-width-at-half-maximum Gaussian kernel of
4 mm × 4 mm × 4 mm.

The primary visual cortex, known as Brodmann’s area 17
(BA17), is the core area of visual processing in the brain.
A previous study reported that the activation in bilateral
primary visual cortex was altered in patients with NAION
(Aguirregomozcorta et al., 2011). Therefore, we defined the
region of interest (ROI) as bilateral BA17 according to the WFU-
atlas (Maldjian et al., 2003, 2004) and previous studies (Ding
et al., 2013; Zhu et al., 2018). Each ROI was a sphere with a
radius of 5 mm. The FC value was determined by the Pearson’s
correlation coefficient of the time series of each ROI and other
gray matter voxels. To improve the normal distribution, the
correlation coefficients of r values were converted to z values by
applying Fisher’s r-to-z conversion. The final fMRI results were
presented by REST software and BrainNet Viewer.4

Statistical Analysis
Two-sample t-tests were used to detect the differences in FC
values between the two groups of participants, with gender, age,
and duration of disease as covariates (P < 0.05, corrected for
multiple comparisons using a false discovery rate).

Independent-sample t-tests were used to compare the clinical
data between patients with NAION and HCs using SPSS 17.0
software (SPSS Inc., Chicago, IL) (P < 0.05, uncorrected).
Pearson’s linear correlation analyses were used to assess the
relationships between the mean FC values of brain regions
with statistical difference and clinical parameters in NAION
patients (P < 0.05, uncorrected). Furthermore, the receiver
operating characteristic (ROC) curve method was performed to
classify different FC values between NAION patients and HCs
(P < 0.05, uncorrected).

RESULTS

Demographic and Clinical Data
Table 1 shows the demographic and clinical data for the
NAION patients and HCs. We found significant differences

4https://www.nitrc.org/projects/bnv/

TABLE 1 | Demographic and clinical characteristics of the NAION
patients and HCs.

NAION (n = 31) HCs (n = 31) t-value P-value

Age, years 52.74 ± 11.29 50.97 ± 8.20 0.71 0.48

Gender, male/female 20/11 20/11 NA NA

Duration of illness (years) 6.00 ± 1.12 NA NA NA

VA-right 0.53 ± 0.40 1.08 ± 0.17 –7.14 0.00

VA-left 0.57 ± 0.40 1.10 ± 0.17 –6.75 0.00

RNFL-right (µm) 73.00 ± 23.25 97.58 ± 8.24 –5.55 0.00

RNFL-left (µm) 79.03 ± 28.51 97.80 ± 6.91 –3.56 0.00

IOP-right 14.61 ± 2.38 13.10 ± 1.27 3.16 0.02

IOP-left 15.35 ± 2.03 13.68 ± 1.62 3.60 0.00

CVF

MD-right 12.76 ± 9.30 0.86 ± 1.33 7.05 0.00

MD-left 10.47 ± 9.05 0.92 ± 1.28 5.82 0.00

MS-right 13.83 ± 9.23 26.96 ± 1.42 –7.83 0.00

MS-left 16.79 ± 9.04 26.89 ± 1.29 –6.16 0.00

NAION, non-arteritic anterior ischemic optic neuropathy; HCs, healthy controls;
NA, not applicable; VA, vision acuity; RNFL, retinal nerve fiber layer thickness;
IOP, intraocular pressure; CVF, central vision field; MD, mean defect; MS, mean
sensitivity.

in vision acuity (P < 0.01), thickness of the retinal nerve-
fiber layer (P < 0.01), intraocular pressure (P < 0.01),
and the size of the central visual field (P < 0.01). No
significant differences were found between groups in
participant age.

The Brain Areas With Functional
Connectivity Differences Between the
Non-arteritic Anterior Ischemic Optic
Neuropathy Patients and Healthy
Controls
The FC distribution maps for each group are shown in
Figures 1, 2 for the left and right BA17, respectively. Compared
with HCs, patients with NAION exhibited significantly decreased
FC between the left BA17 and the right inferior frontal gyrus
(IFG), and left caudate nucleus (Figure 1 and Table 2). Moreover,
patients also showed significantly increased FC between the right
BA17 and the left olfactory gyrus and significantly decreased
FC between the right BA17 and the right SFG, and right insula
(Figure 2 and Table 2).

Correlations Between the Clinical Data
and Brain Functional Changes in
Non-arteritic Anterior Ischemic Optic
Neuropathy Patients
In the study, we calculated Pearson correlation coefficients
between the mean FC values of the brain regions with statistical
difference and the clinical data in patients with NAION.
The decreased FC values in the right insula were positively
correlated with the right side of mean sensitivity (MS) in the
central field of vision (r = 0.52, P < 0.01) and negatively
correlated with the right side of mean defect (MD) in the
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FIGURE 1 | The brain regions with significant FC changes in NAION patients when the left BA17 was used as the seed region. FC, functional connectivity; NAION,
non-arteritic anterior ischemic optic neuropathy; BA, Brodmann’s area.

FIGURE 2 | The brain regions with significant FC changes in NAION patients when the right BA17 was used as the seed region. FC, functional connectivity; NAION,
non-arteritic anterior ischemic optic neuropathy; BA, Brodmann’s area.
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TABLE 2 | The brain regions with statistically different FC values between the
NAION patients and HCs.

Brain region Hemisphere Peak MNI (mm) Peak
T-value

Cluster
size

x y z

Left BA17 as ROI

IFG R 63 15 21 –4.38 28

Caudate nucleus L –12 –9 21 –3.97 22

Right BA17 as ROI

SFG R 6 60 –18 –4.55 16

Olfactory gyrus L –3 24 –12 4.67 8

Insula R 42 –15 15 –3.28 18

Two-sample t-test was used to determine the differences between NAION patients
and HCs. The threshold was set with P < 0.05, corrected for multiple comparisons
by the false discovery rate.
FC, functional connectivity; NAION, non-arteritic anterior ischemic optic
neuropathy; HCs, healthy controls; MNI, Montreal Neurological Institute; BA,
Brodmann’s area; ROI, region of interest; IFG, inferior frontal gyrus; SFG, superior
frontal gyrus; L, left; R, right.

central field of visual (r = −0.55, P < 0.01) (Figure 3)
when the ROI was the right BA17. No significant correlations
were found between mean FC values of any brain regions
and the gender, duration of illness, vision acuity, intraocular
pressure, or the thickness of the retinal nerve-fiber layer (all
P ≥ 0.01).

The Brain Functional Changes in
Non-arteritic Anterior Ischemic Optic
Neuropathy Patients as Diagnostic
Indicators
The areas under the curve (AUC) of FC values in brain regions
with statistical difference were as follows (Figure 4): right IFG
(0.76, P < 0.001, 95% confidence interval (CI): 0.64–0.88), left
caudate nucleus (0.71, P < 0.001, 95% CI: 0.58–0.84), right SFG
(0.80, P < 0.001, 95% CI: 0.69–0.91), left olfactory gyrus (0.77,
P < 0.001, 95% CI: 0.66–0.89), right insula (0.66, P < 0.05, 95%
CI: 0.52–0.79). The AUC of the FC values in the brain regions
associated with the primary visual cortex (including right IFG,
right SFG, left olfactory gyrus, and left caudate nucleus) was 0.90
(P < 0.001, 95% CI: 0.82–0.97).

DISCUSSION

In this study, applied seed-based FC analysis, we found significant
FC changes in NAION patients compared with HCs. When
the left BA17 was the seed region, we found that FC with
the right IFG, left caudate nucleus was decreased in patients
with NAION. In contrast, when the right BA17 was the seed
region, we observed that FC with the right SFG, right insula
was decreased in the patients, but that FC with the left olfactory
gyrus was increased.

The frontal lobe, located anterior to the central sulcus and
above the lateral fissure, is the most complex part of the brain.

The IFG has been associated with emotional and cognitive
empathy (Shamay-Tsoory et al., 2009), offer quality (de Berker
et al., 2019), and attentional control (Hampshire et al., 2010).
Previous studies have found that a number of optic disease
lead to the IFG dysfunction, including optic neuritis (Sun et al.,
2020), anisometropic amblyopia (Lin et al., 2012), strabismus
and amblyopia (Shao et al., 2019), and primary angle-closure
glaucoma (Chen et al., 2019). Moreover, in a previous study, our
team found decreased amplitude of low-frequency fluctuation
(ALFF) in the right IFG of patients with NAION (Guo et al.,
2019). We hypothesize that these results may reflect the loss
of eye motion, reduced cognition, and ongoing dysfunction
in the neural networks of these patients. Because of these
deficits, patients receive poor visual information about what
they are seeing. In support of this theory, the present study
found decreased FC between the left BA17 and the right IFG
in patients with NAION. In addition, the loss of visual input
from the eye diminished activity in corresponding parts of
the visual cortex. A previous study has demonstrated that
patients with NAION exhibit reduced activation in the occipital
cortex when stimulating the affected eye (Aguirregomozcorta
et al., 2011). Thus, the decreased FC between BA17 and IFG
might reflect compensatory inhibition in patients with NAION
that reduces the influence of the poor visual information. In
addition to the IFG, many studies have also shown that optic
diseases are associated with dysfunction in the SFG (Min et al.,
2018; Xu et al., 2019; Wang et al., 2021). The SFG occupies
one-third of the frontal lobe and is thought to be the main
premotor area (Peng et al., 2021). It plays roles in working
memory presentation of visual space (Leavitt et al., 2018), and
is also related to acute social stress (Chang and Yu, 2019),
cognitive control (Tully et al., 2014), and self-consciousness
(Hsieh et al., 2011). One study reported increased ALFF in
the right SFG of patients with strabismus and amblyopia (Min
et al., 2018). Xu et al. (2019) observed that patients with corneal
ulcer demonstrated significantly increased regional homogeneity
values in bilateral SFG. The abnormal activity in the SFG might
reflect a strengthening of networks in patients with visual loss.
Interesting, decreased FC between the BA17 and the right SFG
was observed in patients with high-tension glaucoma (Wang
et al., 2021). In the present study, we found that the FC values
between the right BA17 and the right SFG was decreased in
patients. This may indicate an impaired functional network
between the SFG and the primary visual areas. Though lacking
a detailed statistical analysis, we can speculate that the decreased
FC can partially explain the unusual mental state reported in
several patients with NAION. In addition, we speculate that
NAION might influence brain executive functions and the
functional integration of visual information.

The insula plays a critical role in emotion processing (Paulus
et al., 2005). Additionally, it is involved in the feeling of anxiety
(Paulus and Stein, 2006), as well as threat recognition and
conscious urges (Craig, 2002; Lerner et al., 2009). Abnormal
brain activity in the insula is also associated with diseases of the
eyes, such as glaucoma (Chen et al., 2019), monocular blindness
(Shao et al., 2018), and optic neuritis (Shao et al., 2015). Shao
et al. (2018) found that patients with monocular blindness in the
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FIGURE 3 | Correlation analysis between the FC values in brain regions with significant differences and clinical variables. (A) The Pearson correlation shows a
positive association between the mean FC values in the right insula and the right side of MS in NAION patients. (B) The Pearson correlation reveals a negative
association between the mean FC values in the right insula and the right MD in NAION patients. FC, functional connectivity; NAION, non-arteritic anterior ischemic
optic neuropathy; MS, mean sensitivity; MD, mean defect.

FIGURE 4 | The mean FC values in the brain areas with significant differences between NAION patients and HCs as diagnostic indicators. (A) ROC curve analysis of
the mean FC values in the right IFG and left caudate nucleus, respectively, for differentiating NAION patients from HCs when the left BA17 was used as the seed
region. (B) ROC curve analysis of the mean FC values in the right SFG and left olfactory gyrus, respectively, for differentiating NAION patients from HCs when the
right BA17 was used as the seed region. (C) ROC curve analysis of the combination of the four brain areas (including the right IFG, right SFG, left olfactory gyrus,
and left caudate nucleus) for differentiating NAION patients from HCs. FC, functional connectivity; NAION, non-arteritic anterior ischemic optic neuropathy; HCs,
healthy controls; BA, Brodmann’s area; IFG, inferior frontal gyrus; SFG, superior frontal gyrus; ROC, receiver operating characteristic.

left eye showed increased voxel-mirrored homotopic connectivity
in the insula. However, our results in the current study showed
that the FC values between the right BA17 and the right insula
was decreased in patients with NAION, which is contrary to
what other studies have found (Shao et al., 2015, 2018; Chen
et al., 2019). Our new results provide further support for our
previous finding that ALFF in patients with NAION is abnormal
(Guo et al., 2019). NAION is an acute clinical symptom. It
is characterized by sudden, painless unilateral loss of vision,
which easily sparks emotional reactions. However, many patients
had experienced NAION for several years (average duration,
6.00 ± 1.12 years) before visiting our hospital, and they might
have become used to their condition. Thus, the decreased FC
with the insula that we observed might reflect an inhibitory
effort in patients with NAION to suppress their strong emotions.
Meanwhile, we found that the FC values between the right insula

and the right BA17 were positively correlated with right side of
MS (r = 0.52, P < 0.01) and negatively correlated with right
side of MD (r = −0.55, P < 0.01). Both MS and MD are key
components of the central field of vision, and are important
clinical parameters for assessing the severity of ophthalmological
lesions; smaller MS and larger MD indicate more severe the
damage. Thus, our current results may reflect ongoing damage
and the severity in NAION. Furthermore, these correlations may
suggest that the severity of ipsilateral damage in the eye extends
down through visual-associated cortex. Thus, the more damage
is observed in MS and MD, the more we can assume dysfunction
in the ipsilateral insula.

The caudate nucleus is a part of the basal ganglia that is
involved in a range of functions. The nucleus is thought to
play an important role in the regulation of cortical excitability
and sensory processing (Villablanca, 2010). Furthermore, the
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nucleus has afferent, efferent, and loop connectivity with the
anterior insula cortex and orbitofrontal gyrus (McGeorge and
Faull, 1989). Cai et al. (2015) found that patients with primary
angle-closure glaucoma demonstrated increased degree centrality
in the left anterior cingulate cortex and caudate. They thought
that this finding was related to altered proprioception and
somatosensory processing. In addition, the caudate nucleus also
plays an important role in processing spatial visual information
(Gombköto et al., 2011). Our current results showed that the FC
values between the left BA17 and the left caudate nucleus was
decreased in the patients with NAION. These results may provide
direct evidence that NAION is associated with dysfunction of the
caudate nucleus. We think that the decreased FC might reflect
neural plasticity that compensates for NAION-related deficits
and helps prevent secondary damage.

Interestingly, in addition to the decreased FC reported above,
we also found increased FC between the right BA17 and the left
olfactory gyrus in the patients with NAION. To compensate for
the lack of vision, individuals with early onset blindness often
experience enhancements in their remaining senses, including
the sense of smell. At the same time, the visual cortex can
undergo remodeling so that it can receive and process non-visual
inputs (Araneda et al., 2016). Gagnon et al. (2015) found that
congenitally blind individuals demonstrated enhanced olfaction
compared with sighted controls. The enhanced olfactory function
can also develop in optically related diseases. Gugleta et al.
(2010) found that patients with primary open-angle glaucoma
showed alterations in olfaction. Although the pathogenesis is
different, the visual impairment in patients with NAION or
primary open-angle glaucoma is secondary. Indeed, research
into whether the disease leads to olfactory disorders is lacking.
Therefore, our current finding could represent an instance of
brain plasticity in which the pathway between the visual cortex
and olfactory cortex are strengthened. Thus, we speculate that
the increased FC between the right BA17 and the left olfactory
gyrus may be a compensatory response to the impaired vision
in NAION.

In previous studies (Zhu et al., 2018; Jiang et al., 2019; Su
et al., 2020), ROC analyses were successfully used to discriminate
ocular disease from HCs. In the present study, ROC analysis was
applied to identify patients with NAION. The AUC denotes a
relatively good accuracy at values over 0.80. Our results indicated
a moderate ability to discriminate patients with NAION from
controls using the FC values in the brain areas with statistical
difference. Although some regions, including the right IFG, right
SFG, left olfactory gyrus, and left caudate nucleus, are located in
the non-visual cortex, they functionally connect with the primary
visual cortex. Therefore, these regions were visually relevant
areas. The AUC value was 0.90 when the above regions were
combined. Therefore, the results in the present study indicate
that the combination of FC values in these regions may serve
as a potential biomarker for distinguishing patients with NAION
from HCs.

This study has several limitations. First, neuropsychological
tests were not performed in the present study. This was because
NAION can be accompanied by strong emotional states in
some patients, which might influence the accuracy of the tests.

Second, the present study included patients in whom both eyes
were affected, but at different times. It is difficult to recruit
patients who have only one affected eye because follow-up
can occur years after the first eye is affected. Further research
is required to examine this issue in more detail. Third, the
number of NAION patients in the study was small. The accuracy
of the results would be improved with larger sample sizes
in future studies.

CONCLUSION

Patients with NAION showed significant changes in functional
connections between the primary visual cortex and several other
brain regions not directly related to visual function. The FC
changes in these areas shed light on the neural plasticity in
NAION patients and could act as a possible biomarker for
distinguishing patients with NAION from HCs. These findings
support that NAION may be a neuro-ophthalmological disease.
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Purpose: The central nervous mechanism of acute tinnitus is different from that of
chronic tinnitus, which may be related to the difference of cerebral blood flow (CBF)
perfusion in certain regions. To verify this conjecture, we used arterial spin labeling
(ASL) perfusion magnetic resonance imaging (MRI) in this study to compare the CBF
alterations of patients with acute and chronic tinnitus.

Methods: The current study included patients with chronic tinnitus (n = 35), acute
tinnitus (n = 30), and healthy controls (n = 40) who were age-, sex-, and education-
matched. All participants underwent MRI scanning and then ASL images were obtained
to measure CBF of the entire brain and analyze the differences between groups as well
as the correlations with tinnitus characteristics.

Results: The chronic tinnitus group showed increased z-CBF in the right superior
temporal gyrus (STG) and superior frontal gyrus (SFG) when compared with the
acute tinnitus patients. Further connectivity analysis found enhanced CBF connectivity
between the right STG and fusiform gyrus (FG), the right SFG and left middle occipital
gyrus (MOG), as well as the right parahippocampal gyrus (PHG). Moreover, in the chronic
tinnitus group, the tinnitus handicap questionnaire (THQ) score was positively correlated
with the normalized z-CBF of right STG (r = 0.440, p = 0.013).

Conclusion: Our results confirmed that the CBF changes in some brain regions were
different between acute and chronic tinnitus patients, which was correlated with certain
tinnitus characteristics. This is of great value to further research on chronicity of tinnitus,
and ASL has a promising application in the measurement of CBF.

Keywords: cerebral blood flow, tinnitus perception, magnetic resonance imaging, arterial spin labeling, perfusion

INTRODUCTION

Tinnitus is the perception of an auditory sensation without a corresponding external sound
stimulus (Biswas et al., 2019). It is a global problem with a prevalence of about 10%–15% in adults
worldwide (Henry et al., 2020). A unified classification system for tinnitus has not been realized. In
the “A multidisciplinary European guideline for tinnitus: diagnostics, assessment, and treatment”
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published in 2019, tinnitus is divided into acute tinnitus
(duration ≤ 3 months), subacute tinnitus (duration < 3 months),
and chronic tinnitus (duration ≥ 6 months) (Cima et al.,
2019). Clinical assessments of tinnitus including objective and
subjective assessments showed different clinical features between
acute and chronic tinnitus, such as tinnitus loudness, frequency,
and tinnitus-related mood disorders (Wallhäusser-Franke et al.,
2017). A recent longitudinal study found that 18.4% of acute
tinnitus patients had complete remission of tinnitus within
6 months. There was no change in tinnitus characteristics in
patients with their tinnitus persistent (Vielsmeier et al., 2020).
However, the exact mechanism of the chronization of tinnitus
remains a mystery.

In recent years, there have been many neuroimaging
techniques used to study the central nervous mechanism
of tinnitus like electroencephalography (EEG),
magnetoencephalography (MEG), and functional magnetic
resonance imaging (fMRI) (Nathan et al., 2005; Han et al., 2018;
Berlot et al., 2020; Chen et al., 2021). It seems that the auditory
system may play a basic role in tinnitus generation (Møller,
2007). Meanwhile, some non-auditory areas, such as prefrontal,
parietal, and limbic regions, are closely related to tinnitus
maintenance, severity, the accompanying emotional disorder,
and cognitive impairment (Chen et al., 2017b, 2018; Zimmerman
et al., 2019). However, most studies have analyzed chronic or
acute tinnitus independently. The specific differences of neural
mechanism between the acute and chronic tinnitus as well as
the mechanism of transformation from acute to chronic tinnitus
are rarely investigated. Vanneste et al. (2011) detected enhanced
neural activity in the right auditory cortex in chronic tinnitus
compared with recent-onset tinnitus using the EEG approach.
A latest EEG study compared acute and chronic tinnitus, which
found differences in neural activity and connectivity in many
regions. It was found that a non-auditory brain region, especially
parahippocampus gyrus, plays a key role in the transition from
acute to chronic tinnitus (Lan et al., 2021). Therefore, we suggest
that chronization of tinnitus is a complex mechanism involving
multiple networks.

Besides structural and functional brain alterations, positron
emission tomography (PET) and single photo emission
computed tomography (SPECT) studies confirmed abnormal
cerebral blood flow (CBF) of patients with tinnitus (Lanting
et al., 2009; Ueyama et al., 2015). It was found that regional CBF
in tinnitus patients was lower in DMN regions and higher in
memory and emotional networks (Ueyama et al., 2015). Reyes
et al. (2002) used SPECT and found that changes in tinnitus
loudness can cause significant CBF changes in the auditory
cortex of the temporal lobe. So, the abnormal CBF in tinnitus
may be related to the tinnitus sound stimulations, but we do not
know if it has anything to do with the duration of the stimulus.

Arterial spin labeling (ASL) is another technique to investigate
brain hemodynamic changes. Different from PET and SPECT,
ASL is a completely non-invasive method without using invasive
radioactive tracers (Ferré et al., 2013). Moreover, ASL could
provide reproducible and reliable quantitative measurements
of cerebral perfusion non-invasively (Telischak et al., 2015).
In terms of quantitative measurement of CBF, ASL is more

advantageous than blood oxygen level-dependent MRI (BOLD-
MRI) (Detre and Wang, 2002; Kim et al., 2019). ASL has
been used to quantify CBF alterations in many diseases, such
as Parkinson’s disease (Barzgari et al., 2019) and Alzheimer’s
disease (Zhang et al., 2017). Recently, a few researches used
ASL to study CBF alterations in tinnitus patients (Li X.
et al., 2020; Li et al., 2021). However, the objects of these
studies were pulsatile tinnitus patients, which is different from
subjective tinnitus in symptoms, etiology, mechanism, and so
on (Pegge et al., 2017). Some recent studies have explored the
regional CBF alterations in subjective tinnitus patients with other
complications, such as diabetes (Xia et al., 2020) or migraine
(Xu et al., 2021). However, no studies have evaluated the role of
CBF in tinnitus chronization mechanisms so far. The regional
CBF can be used to reflect the neural activity in local brain
regions. When different brain regions cooperate to complete
a certain function, regional CBF may change synchronously
(Li F. et al., 2020). Therefore, CBF connectivity is also an
important indicator, which is similar to the structural and
functional connectivity.

Based on the above, the current study used ASL technology
to calculate and compare CBF changes of acute and chronic
tinnitus patients. We hypothesized that different CBF patterns
may exist in different stages of tinnitus chronization. A further
study on the mechanism of tinnitus chronicity may be of great
help to provide a new imaging perspective for early diagnosis and
prognosis evaluation.

MATERIALS AND METHODS

This study was approved by the Research Ethics Committee of
the Nanjing Medical University. All the subjects signed written
informed consent before participating in the study.

Participants
From May 2018 to January 2020, we recruited 30 acute tinnitus
patients (duration < 1 month, 11.0 ± 6.9 days) and 35 chronic
tinnitus patients (duration > 6 months, 46.1 ± 39.4 months)
from the Department of Otolaryngology and 40 healthy
examinees as healthy controls (HC) in Nanjing First Hospital of
Nanjing Medical University. All subjects were 20–70 years old,
right-handed, and completed at least 8 years of education. All
tinnitus patients presented bilateral subjective tinnitus without
obvious causes. None of them had received any form of tinnitus
treatment (including medication, acupuncture, and electrical
stimulation) before entering the study.

All subjects were tested by puretone audiometry (PTA) to
determine the hearing thresholds at the frequencies of 0.25,
0.5, 1, 2, 4, and 8 kHz. Normal hearing means hearing
thresholds < 25 dB and mild hearing loss means hearing
thresholds between 26 and 40 dB (Olaosun and Ogundiran,
2013). All HC and most tinnitus patients had normal hearing.
Only a few cases of tinnitus patients had mild sensorineural
hearing loss. There were no significant differences among acute
tinnitus patients, chronic tinnitus patients, and HC in auditory
thresholds (Figure 1).
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FIGURE 1 | Mean hearing thresholds of the chronic tinnitus, acute tinnitus,
and healthy controls. Data are presented as mean ± SEM.

All the patients filled in the following questionnaires: (1)
the Iowa version Tinnitus handicap questionnaire (THQ) (Kuk
et al., 1990) to assess the severity of tinnitus; (2) the Self-Rating
Depression Scale (SDS) for self-rated depression status; (3) the
Self-Rating Anxiety Scale (SAS) for self-rated anxiety status; and
(4) the Mini-Mental State Examination (MMSE) to assess the
cognitive function. A MMSE score of < 26 indicates cognitive
impairment, which is one of the exclusion criteria. None of
the participants in this study had depression, anxiety, and mild
cognitive impairment according to these tests above.

Participants were also excluded in the current study if
they have the following conditions: (1) hyperacusis [detected
by the Hyperacusis Questionnaire (Khalfa et al., 2002)]; (2)
objective tinnitus, pulsatile tinnitus, Meniere’s diseases, history
of use of ototoxic drugs, or ear surgery and other major ear
diseases; (3) bad habits that may affect the nervous system (e.g.,
severe smoking, alcoholism, and drug addiction), neurological
or psychiatric illness such as serious insomnia, brain injury,
schizophrenia, and Alzheimer’s disease, Parkinson’s disease,
and peripheral neuropathy; (4) major medical illness such as
cancer, blood system diseases, and thyroid dysfunction; and (5)
contraindications for MRI such as heart pacemakers, artificial
heart valves, aneurysm clips, metal objects in the body, and
claustrophobia. The characteristics of the acute tinnitus and
chronic tinnitus patients and HC are shown in Table 1.

Magnetic Resonance Imaging
Measurements
During the MRI scan, the subjects kept their eyes closed,
stayed awake and remained still, and avoided thinking about
anything in particular. We used foam padding to reduce
the head motion, and none of subjects in this study was
excluded because of excessive head motion (with over 2.0 mm
translation or 2.0◦ rotation in any direction). We also used
earplugs (Hearos Ultimate Softness Series, United States) to

TABLE 1 | Demographic and clinical characteristics of all subjects.

Chronic
tinnitus
(n = 35)

Acute
tinnitus
(n = 30)

Healthy
controls
(n = 40)

p value

Age (year) 51.11±11.38 49.73±12.17 45.10±11.04 0.064a

Education (year) 12.26±2.84 12.80±3.68 12.73±2.51 0.719a

Gender (male/female) 10/25 14/16 15/25 0.322b

SAS 40.80±5.60 37.93±6.16 38.08±5.72 0.073a

SDS 41.46±6.21 40.50±5.48 41.03±4.54 0.777a

THQ score
PTA of left ear (dB HL)
PTA of right ear (dB HL)
Mean PTA of both ears
(dB HL)

53.24±13.94
15.26±2.86
16.50±2.64
15.61±2.05

47.45±15.27
16.22±2.91
16.89±3.48
16.56±2.80

–
16.71±2.77
16.65±2.41
16.68±1.80

0.115c

0.089a

0.857a

0.086a

Data are expressed as Mean ± SD.
aThe p values are obtained by using one-way analysis of variance.
bThe p values are obtained by using χ 2 test.
cThe p values are obtained by using a two-sample t test.
SAS, Self-Rating Anxiety Scale; SDS, Self-Rating Depression Scale; THQ, tinnitus
handicap questionnaire; PTA, puretone audiometry.

reduce the perception of the scanner noise, and they could
attenuate the noise by approximately 32 dB, according to the
manufacturer’s data.

Imaging was performed on a 3.0-T MRI scanner (Ingenia,
Philips Medical Systems, Netherlands) with an 8-channel receiver
array head coil. Imaging parameters are as follows: (1) A three-
dimensional turbo fast echo (3D-TFE) T1-weighted imaging
(T1WI) sequence with high resolution for structural images:
acquisition matrix = 256 × 256, field of view (FOV) = 256 × 256
mm2, repetition time (TR)/echo time (TE) = 8.1/3.7 ms, flip angle
(FA) = 8◦, slices = 170, thickness = 1 mm, gap = 0 mm. The
structural sequence scanning time totaled 5 min and 29 s. (2)
A 3D-pseudocontinuous arterial spin labeling (pCASL) sequence
for ASL-CBF images: TR = 4,000 ms; TE = 11 ms; post-label
delay = 2,000 ms; FA = 90◦; slice thickness = 4 mm with 10%
gap; FOV = 240 × 240 mm2; matrix = 64 × 64; 24 axial slices,
label duration = 1,650 ms. The ASL sequence scanning time
totaled 4 min and 8 s.

Data Processing and Cerebral Blood
Flow Analysis
We used ASL data processing toolbox (ASLtbx) (Wang et al.,
2008) and statistical parameter mapping software 12 (SPM12)
to process MRI data. The pCASL data were processed to
generate CBF map and quantitative CBF was calculated on
this basis (Xu et al., 2010). The images were rearranged
and adjusted to correct head movement. After non-linear
transformation, the CBF images of 40 HC subjects were co-
registered with the PET template in the Montreal Neurological
Institute (MNI) space. The average co-registered CBF images
of the HC came to be the MNI-standard CBF template. Each
CBF image of acute and chronic tinnitus patients was co-
registered to this MNI-standard CBF template (voxel size was
1.5 mm × 1.5 mm × 1.5 mm) and then was spatially smoothed
with a Gaussian kernel [width at half maximum (FWHM) is
8 mm]. Normalization CBF map was obtained by dividing the
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CBF per voxel by the average CBF across the entire brain
(Aslan and Lu, 2010).

Gray Matter Volume Calculation
The gray matter volume (GMV) calculation was performed by
using SPM12. The structural images were tissue classified in a
standard uniform segmentation model and the cerebral tissues
can be segmented into gray matter (GM), white matter (WM),
and cerebrospinal fluid. The GM concentration map was initial
affine registered to the MNI space (resampled to the voxel size of
1.5 mm × 1.5 mm × 1.5 mm). Then, a non-linear deformation of
GM concentration image was carried out. Multiplying the non-
linear determinant and GM concentration together results in the
GMV of each voxel. Then, all the GMVs were smoothed using a
Gaussian kernel of FWHM 10 mm. After spatial pre-processing
of the data, the voxel-wised GMV maps were used in the later
ASL analysis as covariates.

Cerebral Blood Flow Connectivity
Analysis
According to previous studies (Andersson et al., 2000; Xia et al.,
2020), the clusters with significant group differences in CBF of
tinnitus patients were selected as seed regions of interest (ROIs)
including parieto-temporal auditory cortex, frontal paralimbic
areas, and posterior cingulate cortex. To determine whether the
ROIs have abnormal CBF connectivity, a multiple regression
model was used to detect the CBF connectivity between each ROI
seed and other voxels in the whole brain for each group. Age,
gender, and GMV were included in this model as confounding
covariates. The three groups were compared in pairs, and the
CBF connectivity maps of each pair were combined to form
a spatial mask to which the CBF of each voxel of each ROI
was then correlated. For each pair of voxels, the slopes of CBF
correlation reflect the difference in CBF connectivity between
groups. A two-sample t-test was established within the spatial
mask of the CBF connectivity map of ROI to analyze the
differences in CBF connectivity between each ROI and all the
other voxels in the brain so that we obtain a voxel map that shows
significantly different CBF connectivity among acute tinnitus
patients, chronic tinnitus patients, and HC subjects for each ROI.
Multiple comparisons were corrected using the false discovery
rate (FDR) correction (significance set at p < 0.01).

Statistical Analyses
Statistical analyses were performed using the SPSS software
(version 20.0; SPSS, Chicago, IL, United States). One-way analysis
of variance (ANOVA) was used to compare the differences in
demographic information and clinical measures among three
groups. A post hoc test was used for comparison between
the tinnitus and HC groups (t-test for means and χ2 test
for proportions). Significance level was set at p < 0.05. For
normalized CBF, the discrete sequence was Z transformed and
the result was expressed as z-CBF. To extract regions that were
significantly different in z-CBF between groups, a VBM analysis
and two-sample t-test were used to perform group comparisons

between the tinnitus and HC group. For CBF connectivity, a two-
sample t-test was performed to extract areas with significantly
different CBF connectivity between two groups. The results
were corrected by age, gender, education level, and GMV and
represented in the MNI coordinate system. The statistical value
of the t-test was expressed as T-value and was corrected by FDR
correction (significance threshold was set as p < 0.01).

In order to compute the correlations between the tinnitus
characteristics and abnormal CBF as well as CBF connectivity,
Pearson’s correlation based on ROI analysis was performed (age,
gender, education level, and GMV as the correction factors).
p < 0.05 was set as the significance threshold.

RESULTS

Normalized Cerebral Blood Flow
Differences Between Groups
Figure 2 and Table 2 show brain regions with different
normalized CBF between groups. It turned out that z-CBF
increased in the right superior temporal gyrus (STG) and superior
frontal gyrus (SFG) of chronic tinnitus patients, when compared
with the acute tinnitus subjects. Increased z-CBF in the right
middle temporal gyrus (MTG) and left SFG was observed in
the chronic tinnitus group compared to that in the HC group.
Furthermore, acute tinnitus patients showed higher z-CBF in the
left STG compared to the HC group. Moreover, no significant
differences of GM and WM volumes among chronic tinnitus,
acute tinnitus patients, and healthy controls were observed.

Cerebral Blood Flow Connectivity
Differences Between Groups
Figure 3 and Table 3 depicted the group differences on CBF
connectivity. When making a comparison with acute tinnitus,
the chronic tinnitus group exhibited enhanced CBF connectivity
between the seed ROI of the right STG and fusiform gyrus (FG).
Moreover, it was observed in chronic tinnitus patients that the
CBF connectivity aggrandized between the seed ROI of the right
SFG and left middle occipital gyrus (MOG) as well as right
parahippocampal gyrus (PHG). CBF connections between the
seed ROI of the left STG and right FG were increased in chronic
tinnitus patients compared to the HC group. There were no
significant differences in CBF connectivity in seed of the right
MTG and left SFG between groups.

Relationship Between z- Cerebral Blood
Flow and Clinical Characteristics
Figure 4 illustrates the correlations between the z-CBF alteration
and the tinnitus characteristics. Compared with acute tinnitus,
the THQ score was significantly positively related with the z-CBF
of the right STG in chronic tinnitus patients (r = 0.440, p = 0.013)
but not in acute tinnitus patients (r = 0.361, p > 0.05). Besides,
compared with HC, the THQ score was positively correlated
with the z-CBF of the right MTG in chronic tinnitus patients
(r = 0.426, p = 0.017). Finally, the z-CBF and CBF connectivity in
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FIGURE 2 | Significant CBF differences among the chronic tinnitus (CT), acute tinnitus (AT), and healthy controls (HC). (A) Compared to AT, CT showed increased
z-CBF in the right superior temporal gyrus (STG), and right superior frontal gyrus (SFG). (B) Compared to HC, AT showed higher z-CBF in the left STG.
(C) Compared to HC, CT showed increased z-CBF in right middle temporal gyrus (MTG) and left SFG. Significant thresholds were corrected using FDR criterion and
set at p < 0.01.

other brain regions was not significantly correlated with specific
tinnitus characteristics.

DISCUSSION

In this study, ASL-MRI was firstly used to compare the CBF
perfusion differences between acute and chronic tinnitus. In
comparison to the acute tinnitus group, the chronic tinnitus
patients showed different CBF mainly in the STG, SFG, and
MTG. Further ROI analysis exhibited that CBF connectivity was
enhanced between the right STG and FG, right SFG and PHG,
as well as the left MOG. In addition, in the chronic tinnitus
group, there were positive correlations between THQ score and
increased CBF in ROIs of temporal gyrus.

TABLE 2 | Brain regions with significant group differences in normalized CBF
with GMV correction.

Brain regions BA Peak MNI
coordinates x, y,

z (mm)

Peak T
value

Cluster
size

(voxels)

CT>AT

R_STG 22 58, 2, −8 4.405 163

R_SFG 10 17, 53, 23 5.588 455

AT>HC

L_STG 22 −57, 4, −6 4.984 231

CT>HC

R_MTG 21 62, −30, −10 4.488 325

L_SFG 10 −14, 57, 20 4.499 142

Thresholds were set at a corrected p< 0.01 corrected by FDR criterion. MNI,
Montreal Neurological Institute; CT, chronic tinnitus; AT, acute tinnitus; HC, healthy
control; STG, superior temporal gyrus; SFG, superior frontal gyrus; MTG, middle
temporal gyrus; L, left; R, right.

The Temporal Gyrus
Compared to the acute tinnitus group, chronic tinnitus patients
had increased z-CBF in the right STG. As part of the auditory
cortex, the STG is critical for high-order auditory processing
of speech by encoding phonetic features (Yi et al., 2019). It is
believed that tinnitus is caused by an abnormal GM structure and
neural activity of the central auditory cortex (Aldhafeeri et al.,
2012; Chen et al., 2015a,c; Cai et al., 2019). Several researchers
have also found increased CBF in the temporal auditory cortex
of tinnitus patients using PET and SPECT (Andersson et al.,
2000; Ueyama et al., 2015). However, the correlation between
this change and tinnitus remains to be proved. Similar to our
results, in the EEG study of Vanneste et al., increased neural
electrical activity was found in the right auditory cortex in
chronic tinnitus relative to recent-onset tinnitus (Vanneste et al.,
2011). According to the tinnitus model proposed by Eggermont
and Roberts (2004), the initial signal of ringing in the ears is
due to abnormal nerve activity of auditory nerve fibers caused by
peripheral auditory pathway injury. The abnormal neural activity
causes other auditory neuron hyperactivity, which has a similar
edge frequency. If the abnormity persists, the auditory cortex will
reorganize in response to the change, mimicking the response
to normal acoustic stimuli. That is why chronic tinnitus can
lead to central alterations (Eggermont, 2003). It was found that
in tinnitus patients in the resting state without external sound
stimulation, the α activity of neurons in the temporal cortex was
reduced. The longer the duration of tinnitus, the less variability
of this α activity (Schlee et al., 2014). This reflects a reduced
adaptation of the auditory cortex to persistent tinnitus. Therefore,
we hypothesize that long-term abnormal auditory stimuli lead to
changes in the auditory cortex, which are different from those in
the acute phase, including an increase of CBF.

Moreover, the right FG and left MOG were found to have
enhanced CBF connectivity to the right STG and SFG of chronic
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FIGURE 3 | Significant group differences in CBF connectivity among the chronic tinnitus (CT), acute tinnitus (AT), and healthy controls (HC). (A) Compared with AT
patients, CT patients exhibited increased CBF connectivity between the right superior temporal gyrus (STG) and the right fusiform gyrus (FG). (B) Compared with AT
patients, CT patients also showed increased CBF connectivity between the right superior frontal gyrus (SFG) and the left middle occipital gyrus (MOG) as well as the
right parahippocampal gyrus (PHG). (C) Compared with HC, the CT patients showed increased CBF connectivity between the left STG and the right FG. Significant
thresholds were corrected using FDR criterion and set at p < 0.01.

tinnitus brain in comparison to acute tinnitus. The FG is located
in the ventral temporal cortex. FG and the visual area of the MOG
belong to the visual center, which participates in advanced visual
processing (Weiner and Zilles, 2016). Both visual and auditory
processing engage the attention networks. Burton et al. (2012)
found that in patients with annoying tinnitus, the functional
activity of the visual cortex, including the occipital lobe and
the temporoparietal junction, was negatively correlated with that
of the auditory cortex. It means that when the blood oxygen
activity increased in the auditory area, the activity of the visual
area decreased, and vice versa. This may reflect an adaptation
mechanism of the tinnitus brain: to focus attention on non-
auditory tasks to reduce the salience of tinnitus sound. We
hypothesized that during the acute phase of tinnitus, the brain is
in a compensatory state and can make these adaptations above.
However, when tinnitus signals exist for a long time and take
up too much attention processing resources, tinnitus patients
need to mobilize more attention during visual processing. So,
a decompensated change happens and the attention network is
widely active. This may explain our results showing increased
CBF connectivity between the auditory-visual attention networks
in patients with chronic tinnitus. Husain et al. (2015) compared

TABLE 3 | Brain regions with significant group differences in CBF connectivity.

ROI Brain
regions

BA Peak MNI
coordinates x, y, z

(mm)

Peak T
value

Voxels

R_STG R_FG 37 38, −48, −17 4.276 157

R_SFG L_MOG 19 −36, −67, 7 3.738 172

R_PHG 36 33, −21, −17 3.571 107

L_STG R_FG 37 41, −58, −15 3.475 112

Thresholds were set at a corrected p<0.01 corrected by FDR criterion. ROI, region
of interest; MNI, Montreal Neurological Institute; STG, superior temporal gyrus; FG,
fusiform gyrus; SFG, superior frontal gyrus; MOG, middle occipital gyrus; PHG,
parahippocampal gyrus; L, left; R, right.

central differences in processing auditory and visual attention
in chronic tinnitus patients. They found that when tinnitus
patients were in the visual modality, attention and short-term
memory networks were more responsive, suggesting that tinnitus
sufferers are more likely to be distracted than normal people
when processing visual signals and thus become aware of their
tinnitus (Husain et al., 2015). These results suggest that using
attention demanding tasks to divert attention away from tinnitus
may help reduce the severity of tinnitus (Searchfield et al., 2007).

In addition, the functional connectivity between STG and
limbic area, cerebellum, and thalamus was found to be abnormal
in chronic tinnitus, which was correlated with tinnitus-related
characteristics including tinnitus-related emotional disorders,
tinnitus severity, and tinnitus duration (Zhang et al., 2015; Chen
et al., 2017b; Feng et al., 2018). These results demonstrated the
important role of the auditory cortex in tinnitus. Therefore, we
suggest that changes in CBF and CBF connectivity in the auditory
region of the temporal gyrus may be involved in the chronicity
of tinnitus. We also observed different CBF values in bilateral
temporal gyrus of tinnitus brain, with enhanced CBF in the right
STG, while no significant difference in the left STG. There is no
clear evidence of a link between this asymmetry and tinnitus
characteristics so far. However, some scholars believe that the
hemisphere asymmetry of activity in the auditory cortex is a
general characteristic of the normal brain unrelated to tinnitus
brain (Geven et al., 2014).

The Frontal Gyrus
Increased z-CBF in the right SFG was observed in the chronic
tinnitus group compared to the acute tinnitus group. The
SFG is a vital component of the auditory connection cortex,
which takes part in processing multi-sensory signals, including
auditory perception. Therefore, SFG may also be involved in
the perception of tinnitus (Melloni et al., 2007; Chen et al.,
2014). According to Chen et al., the bilateral SFG presented
stronger network centrality, which suggested that the prefrontal
cortex, especially SFG, is the major cortical hub of the tinnitus
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FIGURE 4 | The significant correlations between the CBF changes and the tinnitus characteristics. The THQ score was positively correlated with the normalized
z-CBF of the right STG in chronic tinnitus patients (r = 0.440, p = 0.013) (A), but not in acute tinnitus patients (r = 0.361, p > 0.05) (B). Compared with HC, the THQ
score was positively correlated with the normalized z-CBF of the right MTG in chronic tinnitus patients (r = 0.426, p = 0.017) (C).

model (Chen et al., 2016). What is more, they found that
tinnitus duration was significantly correlated with the increased
amplitude of low-frequency fluctuation (ALFF) in SFG. ALFF is
an indicator to reflect the intention of neural activity when the
brain is in resting state. This result suggested that SFG could play
a specific role in chronicity of tinnitus (Chen et al., 2015b).

The prefrontal part of the SFG is one of the ingredients
of the default mode network (DMN), which was proved to be
responsible for memory, emotion, and intrinsic control networks
(Raichle, 2015). Decreased functional connectivity (FC) within
the DMN may be vulnerable to chronic tinnitus patients with
cognitive impairment (Chen et al., 2018). Schmidt et al. (2017)
revealed decreased correlations between the DMN and the
precuneus in long-term tinnitus when compared to recent-onset
tinnitus (who had tinnitus for >6 months but <1 year) so
that DMN–precuneus decoupling can be responsible for tinnitus
persistent perception and a potential marker of chronic tinnitus
(Schmidt et al., 2017).

Prefrontal cortex (PFC) also plays a basic role in the
frontostriatal circuit, which is a top-down gating system
involved in the brain “reward” mechanism (McGinty and
Grace, 2009). This circuit is also associated with cognitive
functions including regulation of attention tasks and learning.
For example, the striatum is responsible for rapid “stimulus
response” to the learning content, while the PFC is responsible for
memory and storage (Antzoulatos and Miller, 2011). Thompson
and Neugebauer (2019) suggested that this system plays an
important role in the central nervous mechanism of chronic
pain. It is believed that both chronic pain and tinnitus are
sensory disorders. They are highly similar in their central
mechanisms, among which the frontostriatal circuit may be the
key (Rauschecker et al., 2015; Xu et al., 2019).

The Limbic System
Our study showed enhanced CBF connectivity between the right
SFG and PHG in chronic tinnitus patients. PHG is one of
the key structures of the limbic system. Previous studies have
shown abnormal changes in the structure, neural activity, and
CBF of the PHG in tinnitus patients (Laureano et al., 2014;
Chen et al., 2017a; Schmidt et al., 2018). Actually, the auditory

and memory/limbic networks are closely interconnected in the
perception of sound (Ćurčić-Blake et al., 2017). In a tinnitus
model proposed by Rauschecker et al., the initial tinnitus was
caused by the impairment of the auditory pathway, and the
limbic system can prevent tinnitus signals from reaching the
auditory cortex, thereby eliminating tinnitus (Rauschecker et al.,
2010). Dysfunction of the limbic system affects this elimination
mechanism, leading to persistent perception of tinnitus.

Meanwhile, the PHG plays a central role in memory
recollection by sending information from the hippocampus to
the related areas (Diederen et al., 2010). De Ridder et al. (2006)
suggested that tinnitus memory was constantly updated due to
the abnormal continuous activity of the PHG, which contributed
to the dysfunction of tinnitus adaptation mechanism and finally
led to the maintenance of tinnitus. Lan et al. (2021) found that
the abnormal brain regions of acute tinnitus patients were mainly
concentrated in the auditory cortex, while chronic tinnitus
involved a larger brain network, in which the PHG showed
significantly enhanced connectivity. This is similar to our result.
All these results highlight that the PHG may be a very vital region
to distinguish acute tinnitus from chronic tinnitus.

In addition to memory function, abnormalities in the
structure and function of the PHG may be associated with
the development of emotion disorders (Almeida et al., 2009).
Jastreboff (1990) proposed that whether tinnitus patients develop
negative emotions such as depression and anxiety depends
on whether the limbic system is involved in central changes.
Depression and anxiety, in turn, modulate the structural effects
of tinnitus brain and further aggravate tinnitus by enhancing the
detection and perception of tinnitus through specific patterns
(Besteher et al., 2019). The PHG also plays an important role
in the formation and maintenance of bound information (Luck
et al., 2010). In this way, tinnitus patients are more likely
to bundle some uncomfortable symptoms with tinnitus, which
further increases the anxiety and fear of tinnitus. This is obviously
more conducive to the elimination of tinnitus. Although the
interaction mode between tinnitus and negative emotions is
not completely clear, it is certain that the long-term perception
of tinnitus is related to the memory and emotion mechanism
mediated by the limbic system.
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Cerebral Blood Flow Connectivity
Cerebral blood flow connectivity changes in tinnitus patients
are firstly reported in the current study. CBF of different brain
regions is not independent, which can reflect the changes of
neuronal activity. Synchronous changes of CBF connectivity
may occur in areas of the same functional network (Havsteen
et al., 2018; Jaganmohan et al., 2021). The changes in CBF
connectivity were explored in a variety of neurological diseases,
such as Alzheimer’s disease (Zheng et al., 2019) and Parkinson’s
disease (Shang et al., 2021). The majority of the differences
between ASL and BOLD-FC networks were observed within the
brain areas constituting the corresponding networks. In general,
BOLD networks showed a stronger overall level of FC, with
the exception of higher FC in several specific regions of CBF
networks (Jann et al., 2015).

Limitations
Several inevitable limitations must be acknowledged in this
study. First, our sample size was moderate, which may limit the
generalization of our results. Second, all subjects wore earplugs
during the MRI scan, but the noise of the scanner is inevitable.
This may affect the metabolism degree of attention network.
Furthermore, the definition of acute and chronic tinnitus has
not reached a uniform standard. Although the “Clinical Practice
Guideline: Tinnitus” published in the United States in 2014
and the “A multidisciplinary European guideline for tinnitus:
diagnostics, assessment, and treatment” published in 2019
both recommend that chronic tinnitus should last longer than
6 months, some studies used different standards such as 3 months
(Besteher et al., 2019) and 4 years (Vanneste et al., 2011). Different
classification criteria may have different results. Finally, we did
not use longitudinal follow-up study in this study. If tinnitus
patients were followed up regularly and grouped studies were
conducted according to the outcome of the condition, the results
might be more convincing. These limitations should be taken into
consideration in further research.

CONCLUSION

In summary, chronic tinnitus is different from acute
tinnitus with increased CBF and CBF connectivity in
several auditory and non-auditory brain regions. Multiple

brain networks, including cognition, attention, emotion,
and memory networks may be involved in the chronicity
of tinnitus. Our study investigated the different brain
neural mechanisms between acute and chronic tinnitus
and emphasizes the potential use of ASL and CBF
properties in the tinnitus field, which may bring us a better
understanding of the neuropathological mechanisms underlying
tinnitus chronicity.
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Abnormal Low-Frequency
Oscillations Reflect Abnormal Eye
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Patients With Comitant Exotropia
Juan Chen †, Han Jin †, Yu-Lin Zhong and Xin Huang*

Department of Ophthalmology, Jiangxi Provincial People’s Hospital Affiliated to Nanchang University, Nanchang, China

Background: Patients with comitant exotropia (CE) are accompanied by abnormal eye

movements and stereovision. However, the neurophysiological mechanism of impaired

eye movements and stereovision in patient with CE is still unclear.

Purpose: The purpose of this study is to investigate spontaneous neural activity changes

in patients with CE using the amplitude of low-frequency fluctuation (ALFF) method and

the machine learning method.

Materials and Methods: A total of 21 patients with CE and 21 healthy controls (HCs)

underwent resting-state magnetic resonance imaging scans. The ALFF and fractional

amplitude of low-frequency fluctuation (fALFF) values were chosen as classification

features using a machine learning method.

Results: Compared with the HC group, patients with CE had significantly decreased

ALFF values in the right angular (ANG)/middle occipital gyrus (MOG)/middle temporal

gyrus (MTG) and bilateral supplementary motor area (SMA)/precentral gyrus (PreCG).

Meanwhile, patients with CE showed significantly increased fALFF values in the

left putamen (PUT) and decreased fALFF values in the right ANG/MOG. Moreover,

patients with CE showed a decreased functional connectivity (FC) between the right

ANG/MOG/MTG and the bilateral calcarine (CAL)/lingual (LING) and increased FC

between the left PUT and the bilateral cerebellum 8/9 (CER 8/9). The support vector

machine (SVM) classification reaches a total accuracy of 93 and 90% and the area under

the curve (AUC) of 0.93 and 0.90 based on ALFF and fALFF values, respectively.

Conclusion: Our result highlights that patients with CE had abnormal brain neural

activities including MOG and supplementary motor area/PreCG, which might reflect the

neural mechanism of eye movements and stereovision dysfunction in patients with CE.

Moreover, ALFF and fALFF could be sensitive biomarkers for distinguishing patients with

CE from HCs.

Keywords: concomitant exotropia, ALFF, fALFF, functional magnetic resonance imaging, support vector machine,

machine learning
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INTRODUCTION

Comitant exotropia (CE) is a common eye movement disorder,
characterized by ocular deviation and impaired stereovision
function. The prevalence of exotropia is 1.0% of all children
(Govindan et al., 2005). There are several risk factors for
the occurrence of strabismus including genetics (Maconachie
et al., 2013), amblyopia (Shapira et al., 2018), and refractive
error (Zhu et al., 2015). At present, strabismus surgery is
an effective treatment for patients with strabismus. However,
stereovision was not established in some patients with exotropia
after surgery (Sturm et al., 2011). Thus, the pathological neural
mechanism of impaired stereovision in patients with CE is still
poorly understood.

Binocular vision is common to humans. Binocular processing
primarily emerges when neurons receiving input from the two
eyes converge onto common cells in the primary visual cortex
(Basgoze et al., 2018). Binocular vision plays an important
role in stereoscopic vision. Moreover, Hou et al. (2020)
reported that binocular interactions share a common gain
control mechanism in the striate and extra-striate cortex.
Patients with strabismus with impaired stereovision were
associated with brain activity changes. Chen and Tarczy-Hornoch
(2011) found that the patients with strabismus had decreased
cortical activity in the primary visual cortex. Meanwhile,
Shi et al. (2019) demonstrated that patients with constant
exotropia had higher regional homogeneity (ReHo) values
in the second visual cortex. Yan et al. (2019) demonstrated
that strabismus showed increased functional connectivity (FC)
between the primary visual cortex and the frontal eye field.
In addition, patients with strabismus are also accompanied
by cerebral structural changes. Yan et al. (2010) found that
patients with CE showed lower fractional anisotropy values
in the middle occipital gyrus (MOG) and supramarginal
gyrus. However, these existing studies were mainly focused on
the visual cortex changes in the strabismus. Whether whole
spontaneous brain activity changes in patients with CE is still
poorly understood.

The low-frequency oscillations (LFO) (0.01–0.08Hz) on blood
oxygen level-dependent (BOLD) imaging play an important role
in various neurophysiological activities including vision (Chan
et al., 2017) and cognition (van Kerkoerle et al., 2014). The

TABLE 1 | Demographics and visual measurements between the two groups.

Condition CE group HC group T-values P-values

Gender (male/female) (15/6) (15/6) N/A N/A

Comitant category congenital exotropia N/A N/A N/A

Age (years) 15.80 ± 2.46 16.00 ± 2.68 −0.240 0.812

Handedness 21 R 21 R N/A N/A

BCVA-OD 1.12 ± 0.27 1.05 ± 0.23 0.899 0.374

BCVA-OS 1.18 ± 0.26 1.08 ± 0.21 1.305 0.199

Independent t-test for the other normally distributed continuous data (means ± SD).

CE, comitant exotropia; HC, healthy control.

amplitude of low-frequency fluctuation (ALFF) is a reliable and
sensitive functional MRI (fMRI) method to quantify the total
power of LFO within a specific frequency range (Zou et al., 2008).
In contrast to the task MRI method, this technique does not
require the participants to perform any task during scanning.

Thus, this study aimed to determine whether patients with
CE were associated with intrinsic brain activity dysfunction
using ALFF and fALFF methods. Meanwhile, the seed-based FC
method was applied to calculate time series correlation based on
different ALFF and fALFF regions. Moreover, machine learning
techniques (e.g., support vector machine, SVM) were applied
to assess whether ALFF and fALFF values could be sensitivity
biomarkers to distinguish patients with CE from healthy
controls (HCs). Our findings might reflect neural mechanisms
of eye movement disorder and impaired stereovision in patients
with CE.

MATERIALS AND METHODS

Participants
A total of 21 patients (15 males/6 females, mean age: 15.80

± 2.46 years) with CE and 21 age- and sex-matched HCs (15

males/6 females, mean age: 16.00 ± 2.68 years) were recruited

from Jiangxi Provincial People’s Hospital Affiliated to Nanchang

University. The diagnostic criteria of patients with CE were as
follows: (1) CE, exodeviation angles between 151 and 801, and
(2) without a history of strabismus surgery.

The exclusion criteria of individuals with CE in this study
were as follows: (1) additional ocular-related complications (e.g.,
cataract, glaucoma, high myopia, or optic neuritis), (2) sensory
exotropia and fixed exotropia, and (3) comitant exotropia were
associated with amblyopia.

All HCs met the following criteria: (1) no ocular diseases
(e.g., myopia, cataracts, glaucoma, optic neuritis, or retinal
degeneration), (2) binocular visual acuity≥ 1.0, and (3) no ocular
surgical history.

MRI Acquisition
MRI scanning was performed on a 3-Tesla magnetic resonance
scanner (Discovery MR 750W system; GE Healthcare,
Milwaukee, WI, USA) with an eight-channel head coil with
the following parameters: repetition time/echo time (TR/TE)
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= 2,000/25ms, thickness = 3.0mm, gap = 1.2mm, acquisition
matrix = 64 × 64, flip angle = 90◦, field of view = 240 mm2 ×

240 mm2, voxel size = 3.6 mm3 × 3.6 mm3 × 3.6 mm3, and 35
axial slices. All subjects underwent MRI scanning with their eyes
closed without falling asleep.

fMRI Data Processing
All preprocessing was performed using the toolbox for Data
Processing and Analysis of Brain Imaging (DPABI, http://www.
rfmri.org/dpabi) (Yan et al., 2016), and the following steps were
followed (Yin et al., 2017): (1) remove first 10 volumes. (2)

FIGURE 1 | Distribution patterns of ALFF and fALFF were observed at the group level in CE and HC. Within-group mean ALFF maps within the CE (A) and HCs (B)

within-group mean fALFF maps within the CE (C) and HCs (D). ALFF, amplitude of low-frequency fluctuation; fALFF, fractional amplitude of low-frequency fluctuation;

CE, comitant exotropia; HC, healthy control.
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FIGURE 2 | Group comparisons of the ALFF and fALFF between the CE and HCs. Significantly different ALFF was found between the two groups. (A) Significantly

different fALFF were found between the two groups. (C) The blue areas denote lower ALFF and fALFF values, and the red areas denote increased ALFF and fALFF

values. The mean values of altered ALFF/fALFF values are shown in a histogram (B,D). ALFF, amplitude of low-frequency fluctuation; fALFF, fractional amplitude of

low-frequency fluctuation; CE, comitant exotropia; HC, healthy control; ANG, angular; MOG, middle occipital gyrus; MTG, middle temporal gyrus; SMA,

supplementary motor area; PreCG, precentral gyrus; PUT, putamen; R, right; L, left.

Slice timing effects and motion-corrected. (3) Individual 3D-
BRAVO images were registered to the mean fMRI data, and
normalized data (in Montreal Neurological Institute [MNI] 152
space) were re-sliced at a resolution of 3 mm3 × 3 mm3 × 3
mm3. (4) Spatial smoothing by convolution with an isotropic
Gaussian kernel of 6mm × 6mm × 6mm full width at half
maximum. (5) Linear regression analysis was used to regress out

several covariates [six head motion parameters, mean framewise
displacement (FD), global brain signal, and averaged signal from
white matter signal, and cerebrospinal fluid) (6). Data with linear
trend were removed, and temporal band-pass was filtered (0.01–
0.08Hz). Fisher’s r-to-z transformation was used to acquire an
approximate normal distribution and help to reduce the impacts
of individual variations on group statistical comparisons.

Frontiers in Human Neuroscience | www.frontiersin.org 4 October 2021 | Volume 15 | Article 75423439

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Chen et al. ALFF and fALFF in CE Patients

ALFF and fALFF Analyses
To calculate ALFF, we converted the smoothed signal of each
voxel from the time domain to frequency domain via fast Fourier
transform (FFT) to obtain the power spectrum. The fALFF
value was computed as the ratio of the power in the specific
frequency band to that of the whole detected frequency range for
suppressing nonspecific signals in the rs-fMRI data.

Seed-Based Resting-State FC Analysis
To further detect the altered functional networks behind the
impaired ALFF and fALFF. The regions of interest (ROIs)
were selected as seeds for the whole-brain FC analysis from
the significant results of fALFF and ALFF images from the
comparison of patients with CE and HCs. The correlation
analysis of time course was performed between the spherical seed
region (6mm) and each voxel of the whole brain for each subject.

Ophthalmic Examination
All participants underwent several examinations including best-
corrected visual acuity (BCVA), exodeviation angle, ocular
motility, fusional control score, Worth 4-dot test, and Titmus
stereopsis test.

Statistical Analysis
The independent sample t-test was used to investigate the clinical
features between the two groups.

The one-sample t-test was conducted to assess the groupmean
of zALFF and zfALFF maps. The two-sample t-test was used to
compare the two group differences in the zALFF and zfALFF
maps using the Gaussian random field (GRF) method that was
used to correct formultiple comparisons and regressed covariates
of age and sex and FD (two-tailed, voxel-level P < 0.01, GRF
correction, cluster-level P < 0.05). The two-sample t-test was
used to compare the two group differences in the FC maps.

SVM Analysis
The SVM algorithm was performed using the Pattern
Recognition for Neuroimaging Toolbox (PRoNTo) software
Cyclotron Research Centre, University of Liège, Belgium
(Schrouff et al., 2013). The following steps were followed: (1)
the ALFF and fALFF maps served as a classification feature. (2)
Then, the leave-one-out cross-validation (LOOCV) technique
was used to perform SVM classifier validation. For classification,

two classes were defined (patient group and HC group) and
processed using a soft-margin hyper-parameter approach. The
soft-margin parameters take the values 0.01, 0.1, 1, 10, 100, and
1,000 in the SVM classifier in the current version of PRoNTo,
which make the model obtain the maximum interval hyperplane
with the minimum classification error, and then, selected the
soft-margin parameter with the lowest total error rate as the
final parameter for each cycle of the cross-validation. (3) For
classification, the permutation test was applied to assess the
statistical significance of the total accuracy of this classification
(Liu et al., 2012). The total accuracy, specificity, sensitivity, and
area under the receiver operating characteristic curve (AUC)
were determined to assess the classification performance of the
machine learning model.

RESULTS

Clinical Measurements
There were no differences in age and gender and best-corrected
visual acuity between the two groups (P > 0.05; Table 1).

ALFF and fALFF Differences
The group means of ALFF and fALFF maps of the CE and
HC are shown in Figures 1A–D. Compared with the HC group,
patients with CE showed significantly decreased ALFF values in
the right angular (ANG)/MOG/middle temporal gyrus (MTG)
and bilateral supplementary motor area (SMA)/precentral gyrus
(PreCG) (Figure 2A; Table 2). Meanwhile, patients with CE
showed significantly increased fALFF values in the left putamen
(PUT) and decreased fALFF values in the right ANG/MOG
(Figure 2C; Table 2). The mean values of altered ALFF maps
were shown with a histogram (Figure 2B). The mean values of
altered fALFF maps were shown with a histogram (Figure 2D).

FC Differences
Patients with CE showed a decreased FC between the right

ANG/MOG/MTG and the bilateral calcarine (CAL)/lingual

(LING) (Figure 3A; Table 3) and increased FC between the left

PUT and the bilateral cerebellum 8/9 (CER 8/9) (Figure 3B;

Table 3). The mean values of altered FC maps were shown with a
histogram (Figures 3A,B).

TABLE 2 | Different ALFF values between the two groups.

Condition Brain regions BA Peak T-scores MNI coordinates (x, y, z) Cluster size (voxels)

Different ALFF values

CE<HC R_ANG/MOG/MTG 19, 40 −4.378 48, −75, 24 528

CE<HC B_SMA/PreCG 3, 4 −4.8378 21, −24, 78 303

Different fALFF values

CE>HC L_PUT - 4.461 −24, −9, 6 144

CE<HC R_ANG/MOG 19, 40 −4.5814 30, −84, 33 340

The statistical threshold was set at the voxel level with P < 0.01 for multiple comparisons using Gaussian random field theory.

ALFF, amplitude of low-frequency fluctuation; CE, comitant exotropia; HC, healthy control; ANG, angular; MOG, middle occipital gyrus; MTG, middle temporal gyrus; SMA, supplementary

motor area; PreCG, precentral gyrus; PUT, putamen; R, right; L, left; B, bilateral.
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FIGURE 3 | Significant z-FC map differences seeded as ROI in different ALFF/fALFF regions between the two groups. The cool color indicates decreased z-FC

values. The warm color indicates increased z-FC values. Significantly different FC values seeded as ROI in R-ANG/MOG/MTG (A) and L-PUT (B). ALFF, amplitude of

low-frequency fluctuation; fALFF, fractional amplitude of low-frequency fluctuation; ROI, region of interests; FC, functional connectivity; CE, comitant exotropia; HC,

healthy control; ANG, angular; MOG, middle occipital gyrus; MTG, middle temporal gyrus; CAL, calcarine; LING, lingual; PUT, putamen; CER, cerebellum.

SVM Classification Results
The SVM classification reaches a total accuracy of 93%. The AUC
of the classification model was 0.93 based on ALFF (Figure 4).
The SVM classification reaches a total accuracy of 90%. The AUC
of the classification model was 0.90 based on fALFF (Figure 5).

DISCUSSION

The purpose of this study was to investigate the spontaneous
neural activity changes in patients with CE. Compared with the

HC group, patients with CE showed significantly decreased ALFF
values in the right ANG/MOG/MTG and bilateral SMA/PreCG.
Meanwhile, patients with CE showed significantly increased
fALFF values in the left PUT and decreased fALFF values
in the right ANG/MOG. Moreover, patients with CE showed
a decreased FC between the right ANG/MOG/MTG and the
bilateral calcarine (CAL)/lingual (LING) and increased FC
between the left PUT and the bilateral CER 8/9. Furthermore,
the SVM classification reaches a total accuracy of 93 and 90%
and the AUC of 0.93 and 0.90 based on ALFF and fALFF
values, respectively.
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TABLE 3 | Different functional connectivity (FC) values between the two groups.

Condition Brain regions BA Peak T-scores MNI coordinates (x, y, z) Cluster size (voxels)

Seed in R-ANG/MOG/MTG

CE<HC B_CAL/LING 17, 18 −4.205 −12, −102, −12 1,092

Seed in L-PUT

CE>HC B_CER8 – 4.5664 6, −63, −36 1,209

CE>HC B_CER9 – 3.332 −33, −60, −24 91

The statistical threshold was set at the voxel level with P < 0.01 for multiple comparisons using Gaussian random field theory.

ALFF, amplitude of low-frequency fluctuation; CE, comitant exotropia; HC, healthy control; ANG, angular; MOG, middle occipital gyrus; MTG, middle temporal gyrus; CAL, calcarine;

LING, lingual; PUT, putamen; CER, cerebellum; R, right; L, left; B, bilateral.

FIGURE 4 | Based on ALFF values, distribution of function values of the two groups (class 1: patient group; class 2: HC group) (A); the ROC curve of the classifier,

and the AUC was 0.93 (B); function values of the two groups (class 1: CE group; class 2: HC group) (C); and weight maps for SVM models (D). ALFF, amplitude of

low-frequency fluctuation; ROC, receiver operator characteristic; AUC, areas under the curve; CE, comitant exotropia; HC, healthy control; SVM, support vector

machine.
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FIGURE 5 | Based on fALFF values, distribution of function values of the two groups (class 1: patient group; class 2: HC group) (A); the ROC curve of the classifier,

and the AUC was 0.90 (B); function values of the two groups (class 1: patient group; class 2: HC group) (C); weight maps for SVM models (D). fALFF, fractional

amplitude of low-frequency fluctuation; ROC, receiver operator characteristic; AUC, areas under curve; CE, comitant exotropia; HC, healthy controls; SVM, support

vector machine.

An important finding is that patients with CE had significantly
decreased ALFF values in the bilateral SMA/PreCG. The
SMA/PreCG regions are important motor control-related brain
functions. SMA is involved in the saccadic task and eye
movement control (O’Driscoll et al., 1995; Campos et al., 2005).
In addition, the supplementary eye field is located in SMA,
which plays an important role in eye movement control and
goal-directed behavior (Parton et al., 2007; Stuphorn, 2015).
The frontal eye field is located in PreCG. Previous studies have
revealed that the PreCG plays an important role in eyemovement
control (Blanke et al., 2000; Amiez and Petrides, 2009). Thus,
we speculated that the significantly decreased ALFF values in

the SMA/PreCG regions might contribute to the eye movement
disorders in patients with CE.

In addition, another interesting finding is that patients
with CE showed significantly decreased ALFF and fALFF
values in the right ANG/MOG/MTG. Previous studies have
identified a number of visual areas responsive to disparity-
defined depth (Brouwer et al., 2005). Gonzalez et al. (2005)
demonstrated that the parietal-occipital-temporal junction plays
an important role in the processing of stereoscopic information.
Meanwhile, previous studies demonstrated that middle temporal
(MT) neurons showed a stronger ability of MT neurons to
signal binocular disparity in moving vs. stationary random-dot
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stereograms, presence of disparity-sensitive cells in MT+ and
that these neurons can detect surface orientation on the basis
of disparity gradients (Nguyenkim and DeAngelis, 2003; Palanca
and DeAngelis, 2003). Consistent with these findings, we
speculated that the significantly decreased ALFF and fALFF
values in the right ANG/MOG/MTG regions might contribute
to the binocular and stereoscopic vision disorders in patients
with CE.

Furthermore, patients with CE showed a decreased FC
between the right ANG/MOG/MTG and the bilateral calcarine
(CAL)/lingual (LING) and increased FC between the left PUT
and the bilateral CER 8/9. Previous studies have identified that
functional connections between the visual cortices contribute
to the formation of stereovision (Freeman, 1996; Nasr et al.,
2016; Abed Rabbo et al., 2018). Thus, the decreased FC
between the right ANG/MOG/MTG and the bilateral CAL/LING
might reflect the impaired binocular and stereoscopic vision in
individuals with CE.

In this study, the SVM classification reaches a total accuracy
of 93 and 90% and the AUC of 0.93 and 0.90 based
on ALFF and fALFF values, respectively. Thus, ALFF and
fALFF maps might be sensitive biomarkers for discriminating
those groups.

Some limitations should be mentioned in this study. First, the
sample size is small. Second, BOLD signals can be influenced by
physiological noise, which might be a bad influence on the result
of ALFF values. Third, the patients with CE showed different
strabismus angles, which might be reflecting the consistency of
ALFF results.

CONCLUSION

Our results highlight that patient with CE had abnormal brain
neural activities including MOG and supplementary motor
area/PreCG, which might reflect the neural mechanism of eye
movements and stereovision dysfunction in patients with CE.
Moreover, ALFF and fALFF could be sensitive biomarkers for
distinguishing patients with CE from HCs.
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Spatial hearing, which largely relies on binaural time/level cues, is a challenge for
patients with asymmetric hearing. The degree of the deficit is largely variable, and better
sound localization performance is frequently reported. Studies on the compensatory
mechanism revealed that monaural level cues and monoaural spectral cues contribute
to variable behavior in those patients who lack binaural spatial cues. However, changes
in the monaural level cues have not yet been separately investigated. In this study, the
use of the level cue in sound localization was measured using stimuli of 1 kHz at a fixed
level in patients with single-sided deafness (SSD), the most severe form of asymmetric
hearing. The mean absolute error (MAE) was calculated and related to the duration/age
onset of SSD. To elucidate the biological correlate of this variable behavior, sound
localization ability was compared with the cortical volume of the parcellated auditory
cortex. In both SSD patients (n = 26) and normal controls with one ear acutely plugged
(n = 23), localization performance was best on the intact ear side; otherwise, there
was wide interindividual variability. In the SSD group, the MAE on the intact ear side
was worse than that of the acutely plugged controls, and it deteriorated with longer
duration/younger age at SSD onset. On the impaired ear side, MAE improved with longer
duration/younger age at SSD onset. Performance asymmetry across lateral hemifields
decreased in the SSD group, and the maximum decrease was observed with the most
extended duration/youngest age at SSD onset. The decreased functional asymmetry
in patients with right SSD was related to greater cortical volumes in the right posterior
superior temporal gyrus and the left planum temporale, which are typically involved in
auditory spatial processing. The study results suggest that structural plasticity in the
auditory cortex is related to behavioral changes in sound localization when utilizing
monaural level cues in patients with SSD.

Keywords: hearing loss, unilateral hearing loss, sound localization, neuronal plasticity, gray matter volume

Abbreviations: AI, asymmetry index; GM volume, gray matter volume; MAE, mean absolute error; MRI, magnetic
resonance imaging; NC, normal control; nCV, normalized cortical volume; PT, planum temporale; PTA, pure-tone average;
SSD, single-sided deafness; STG, superior temporal gyrus.
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INTRODUCTION

Unilateral loss of hearing deteriorates sound localization ability,
which relies largely on binaural time and level differences in
the sound source that reaches the two ears. Loss of binaural
time/level cues results in poor localization performance, which
is a significant behavioral deficit in patients with asymmetric
hearing (Kumpik and King, 2019; Snapp and Ausili, 2020).
However, reported data also show considerable variability in the
degree to which localization accuracy is affected by monaural
hearing, suggesting the adaptive contribution of the monaural
level cues and monaural pinna cues, which normally play a minor
role. For example, relatively good localization has been found
in some adults with various degrees of unilateral hearing loss,
whereas others cannot localize at all (Slattery and Middlebrooks,
1994; Van Wanrooij, 2004; Shub et al., 2008; Agterberg et al.,
2012; Firszt et al., 2017; Pastore et al., 2020). The variable impact
of hearing loss on localization ability, even in individuals with
unilateral sensorineural single-sided deafness (SSD), indicates
that hearing loss in the poorer ear alone does not eradicate the
potential to localize sound. Instead, this variability suggests that
malleable processes in higher-level structures occur naturally to
improve localization accuracy. Deprived of binaural difference
cues, the adaptive change in SSD would rely on increased
proficiency of using remaining monaural spatial cues. Monaural
level cues are primarily used over monaural spectral shape cues
(Shub et al., 2008; Pastore et al., 2020). Although inherently
ambiguous, the monaural level cue can serve as a valid cue to
azimuth because the learned sound will appear louder when
presented on the better-hearing side (Agterberg et al., 2012).
A sound source located on the impaired hearing side is attenuated
by the subject’s head when reaching the hearing ear side. The
degree of attenuation varies according to the azimuthal location
relative to the intact ear. This level cue by head shadowing
would be unreliable if the source level varies frequently, but it
serves as an essential localization cue in a familiar environment.
Considering the high prevalence of high-frequency hearing loss,
considerable patients with asymmetric hearing might rely on
monaural level cues rather than the monaural spectral cues based
on high-frequency information. Reflecting the high variability
of localization performance and the diversity of the audiologic
profile, clinical factors that contribute to improved auditory
spatial ability have only been reported in a few studies; longer
duration of SSD (Liu et al., 2018; Nelson et al., 2019) and younger
age at SSD onset (Firszt et al., 2017; Nelson et al., 2019) have been
associated with better localization performance.

Although adaptive changes in localization performance have
been reported repeatedly, the neural correlates associated with
functional changes have not yet been clearly addressed. Different
auditory spatial cues are separately processed in the lower
brainstem and are integrated in the higher subcortex or above.
Across the auditory neural pathway, functional changes that
improve localization performance occur at a higher level, where
cue integration takes place and enables the reweighting of
spatial cues. The auditory cortex plays a crucial role in auditory
spectrotemporal analysis, and functional neuroimaging studies
(Pavani et al., 2002; Deouell et al., 2007; Ahveninen et al., 2014;

Callan et al., 2015) and lesion studies (Zatorre and Penhune,
2001; Zündorf et al., 2014) have indicated that it is essential
for sound localization. Functional magnetic resonance imaging
(MRI) studies have shown that sound localization processing has
a particular activating effect on areas of the posterior auditory
cortex, such as the planum temporale (PT) (van der Zwaag
et al., 2011; van der Heijden et al., 2018, 2019). While each
auditory cortex preferentially responds to sound location in the
contralateral hemifield, right hemispheric dominance (Zatorre
and Penhune, 2001; Zündorf et al., 2014; Callan et al., 2015)
and the role of interhemispheric connection (Briley et al.,
2013; Derey et al., 2016) have been reported. The auditory
cortex also has a feedback/feedforward connection to the higher-
order cortices that is associated with top-down attentional
modulation of auditory spatial ability (van der Heijden et al.,
2018, 2019). Meanwhile, neuroanatomical characteristics of the
auditory cortex, such as the change of gray matter volume (GM
volume), have shown to be associated with certain types of
hearing loss (Cardin, 2016). For example, structural changes
in the gray matter in the auditory cortex have been found
for patients with mild-to-moderate hearing loss (Husain et al.,
2011), high-frequency hearing loss (Eckert et al., 2012, 2019), and
unilateral hearing loss (Yang et al., 2014; Heggdal et al., 2020).
Yet, the evidence for the structural changes relating to auditory
performance in sound localization is limited.

In the present study, sound localization ability using monaural
level cues was evaluated in 26 patients with SSD and compared
with those from acute plugged controls (n = 23) to examine the
behavioral change in auditory spatial ability in the SSD group.
In the SSD group, clinical factors were analyzed to determine
whether the duration of SSD/age at SSD onset was related to
behavioral changes. To examine the biological substrate in the
auditory cortex associated with behavioral adaptation, the GM
volume was measured in the parcellated regions of the bilateral
auditory cortices and compared to the changes in localization
performance using monaural level cues in the SSD group.

MATERIALS AND METHODS

Participants
Demographic and clinical information for all subjects is
provided in Table 1. Twenty-six patients who had severe to
profound unilateral sensorineural hearing loss (M:F = 12:14;
age mean ± SD = 42.7 ± 11.4 years old) participated in the
study. Fifteen patients had unilateral hearing loss in their left
ear (SSD-L), whereas eleven had hearing loss in their right ear
(SSD-R). The inclusion criterion was severe to profound hearing
loss in one ear [pure-tone average (PTA) ≥ 70 dB HL] and
30 dB HL or better in the other ear (Vincent et al., 2015; Van
de Heyning et al., 2016). Pure tone audiometry was performed
at the range of frequencies from 125 to 8000 Hz, and the
averaged 4-tone thresholds at 500, 1000, 2000, and 4000 Hz
produced PTA. Patients were included only when the duration
of severe to profound hearing loss was more than 1 month.
Causes of unilateral hearing loss were congenital hearing loss,
sudden sensorineural hearing loss, and progressive sensorineural
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hearing loss in 4, 13, and 9 patients, respectively. For those with
a history of progressive hearing loss, the onset and duration of
hearing loss were defined based on the time when their hearing
loss reached the level of severe hearing loss. When analyzing
sound localization performance, the two SSD groups were pooled
(details are presented in section “Results”) and subdivided into
three subgroups according to their duration of SSD (SSD < 7 years:
0.17–7 years of SSD, SSD10−29 years: 10–29 years of SSD, and
SSD43−46 years: 43–46 years of SSD).

Twenty-three healthy subjects (M:F = 11:12; age
mean ± SD = 41.7 ± 12.0 years) with normal hearing
(PTA less than 25 dB HL in both ears) without a history of
hearing problems served as the normal control (NC) group.
The participants were matched to the SSD group in terms of the
hearing threshold in the intact ear, sex, and age.

All participants were right-handed. Subjects were excluded
if they had any neurological/neuropsychiatric history or took
any related medication. Medical history including diabetes,
hypertension, and any condition that contraindicated MRI
scanning were also exclusion criteria.

This study protocol was approved by the Institutional Review
Board of the Hallym University Sacred Heart Hospital (Anyang,
South Korea) (IRB No. 2018-02-019-002).

Sound Localization Test
A sound localization test was performed using a DHA-8
apparatus (Directional Hearing Evaluator 8, Interacoustics,
Denmark) that assesses a person’s ability to identify the source
location of a sound. Eight speakers were used in the experiment
with two speakers in the front and rear of the subject (at 0◦ and
180◦) and three additional speakers on each side of the individual,
separated by 45◦. All speakers were mounted at head level and
labeled no. 1 to no. 8 (Figure 1).

As auditory stimuli, a 1 kHz warble tone at 40 dB SL
was presented using GSI 61 Audiometry (Grason-Stadler, MN,
United States). The duration of the sound presentation was 3 s,
with an approximate 5 s interstimulus interval. Five trials from
each of eight loudspeakers were presented in random order, and
a total of 40 trials were tested per subject. Presentation R© software

TABLE 1 | Demographic characteristics of the groups.

SSD-L (n = 15) SSD-R (n = 11) NC (n = 23) p-Value

Age (years) 38.9 ± 12.1 46.1 ± 9.1 41.7 ± 11.9 0.929

Sex (M/F) 8/8 4/7 11/12 0.707

Age at onset of
SSD (years)

24.3 ± 14.4 24.9 ± 20.0 – 0.755

Duration of
SSD (years)

14.5 ± 12.8 21.1 ± 20.2 – 0.716

Good-ear PTA
(dB HL)

14.0 ± 12.6 13.8 ± 9.6 10.0 ± 7.2 (Lt) 0.357

Poor-ear PTA
(dB HL)

108.2 ± 15.5 104.0 ± 19.3 0.936

SSD-L and SSD-R denote patient groups with single-sided deafness in the left and
right ears, respectively.
NC, normal control group; M, male; F, female; dB HL, dB hearing level.

(Neurobehavioral System, Albany, CA, United States) was used
to randomize trials and to record responses.

The subjects were seated in the center of the sound booth and
a chair facing the loudspeaker at 0◦ azimuth (front) and at 1 m
from the speakers in any direction. Prior to the test, a training
session composed of randomized trials of three presentations per
speaker was conducted. Subjects answered the sound source by
the number of speakers using their own voice. Participants were
asked not to move their head in the course of the experiment.
The response angle was averaged for five trials per speaker. To
calculate the mean absolute error (MAE), the absolute difference
between the response speaker and stimulus speaker was averaged
for five trials per speaker, meaning smaller values indicated better
sound localization. An asymmetry index (AI) was calculated to
reflect performance discrepancies between the good- and poor-
hearing sides. AI was defined as a relative difference in weighted
angle differences between good- and poor-ear sides using the
following equation:

AI =

(Poor− ear speaker : 225◦ + 2× 270◦ + 315◦)
−(Good− ear speaker : 45◦ + 2× 90◦ + 135◦)

(Poor− ear speaker : 225◦ + 2× 270◦ + 315◦)
+(Good− ear speaker : 45◦ + 2× 90◦ + 135◦)

This index may span from −1 to 1. When this index
approaches zero, it means that the sound localization
performance is similar across the good- vs. poor-hearing
ear sides. When the good-hearing side markedly outperformed
the poor-hearing side, the AI was approximately 1.

The SSD group was tested via the intact ear. In the NC
group, a simulation experiment was conducted to compare
the results with those of the SSD group. The right ear was
covered with an earmuff and subjected to narrowband noise

FIGURE 1 | Speaker setup for sound localization measurements. A total of
eight speakers are positioned in a full circle with 45◦ angular spacing.
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(centered at 1 kHz) for masking using an insert earphone (ER3-
A, Etymotic Research Inc. Elk grove village, IL, United States),
which prevented auditory stimuli from being processed by the
covered right ear. The narrowband noise for the masking was
provided through an audiometer at 20 dB SL for frequencies
above 1 kHz (AudioStar Pro; GSI Grason-Stadler, Eden Prairie,
MN, United States).

Structural Analysis of the Auditory
Cortex
Structural Magnetic Resonance Imaging
High-resolution 3D-T1 weighted images were obtained using a
3T MRI scanner (Philips, Amsterdam, Netherlands) in both the
SSD and NC groups. A 3D-gradient fast field echo sequence
was applied with repetition time (TR) = 9.3 ms, echo time
(TE) = 4.6 ms, field angle of field of view (FOV) = 230× 230 mm,
and matrix size = 230 × 200. The slice thickness was 1.0 mm, for
a total of 160 slices without gaps.

Image Preprocessing
The cortical volume of the gray matter was generated using voxel-
based morphometry (VBM) with the Dartel toolbox running
within SPM8 (Statistical Parametric Mapping1) implemented
in MATLAB version R2009a (MathWorks Inc., Natick, MA,
United States) (Ashburner and Friston, 2000; Good et al., 2001).
First, the 3-D T1 image of each participant was segmented
into gray matter, white matter, and cerebrospinal fluid using
a unified tissue segmentation procedure after image intensity
nonuniformity correction. Flow fields and a series of template
images were generated and used to modulate the spatially
normalized brain volume to Montreal Neurological Institute
(MNI) space by nonaffine warping. Eventually, a modulated gray
matter image was obtained for each subject to detect differences
in cortical volume.

Normalized Cortical Volume in the Parcellated
Auditory Cortex
Three regions of interest (ROIs) per hemisphere (a total of six
ROIs) were extracted from the Harvard-Oxford cortical and
subcortical structural atlases using the FSL anatomy toolbox.2

The ROIs encompassing auditory regions were the anterior part
of the superior temporal gyrus (STG), posterior part of the
STG, and PT. These ROIs were binarized and registered to the
individual’s anatomical space. Additionally, a gray matter mask
was applied to transformed ROIs to extract distinct anatomical
indices. Finally, to correct for variation in brain size across the
individuals, normalized cortical volume (nCV), which represents
the GM volume of the predefined ROIs divided by whole-brain
volume, was calculated for each ROI.

Statistical Analysis
Statistical analyses were conducted with R using the ppcor, jmv,
dunn.test, and WRS2 packages (Kim, 2015; Mair and Wilcox,
2020; Selker et al., 2020). A normality test was performed using

1www.fil.ion.ucl.ac.uk/spm
2https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases

Shapiro–Wilk’s test. Group differences in age and sex distribution
were tested using one-way ANOVA and Fisher’s exact test,
respectively. In the NC group, PTA across the right and left ears
was compared using a paired t-test. Between the two SSD groups,
the age at SSD onset, the duration of SSD, and PTA in the poor-
hearing ear were compared using the Wilcoxon rank sum test.
The PTA in the good-hearing ear was compared across the two
SSD groups and the acutely plugged NC group (left ear) using the
Kruskal–Wallis test.

To analyze sound localization test results, response angles
and MAE were analyzed to test the group differences and
speaker directions effect (with interaction), using robust ANOVA
for mixed design provided by WRS2 package. Nonparametric
repeated-measures ANOVA tested the stimulation direction
effect on the MAE across groups. The Wilcoxon rank sum test
was used to compare the AI values and the MAE in each direction
between the NC and SSD groups. For comparison across NC
and SSD subgroups, the Kruskal–Wallis test was performed with
Dunn’s post hoc test with the p-value adjusted by the Benjamini–
Hochberg method. Nonparametric partial correlation analyses
were carried out between sound localization performances (MAE
and AI) and clinical factors (age at SSD onset and duration of
SSD), controlling for age.

When analyzing cortical structure, two SSD groups were
analyzed separately, considering the innate structural/functional
asymmetry of the brain. The nCV in each ROI was compared
across groups using robust one-way ANOVA based on trimmed
means. A nonparametric partial correlation was used to examine
whether the nCV extracted from six ROIs was related to the age
at onset of SSD, duration of SSD, and AI, controlling for age at
the time of the experiment.

RESULTS

Demographic Characteristics
Across the three groups, age [F(2,46) = 1.273, p = 0.290] and sex
distribution (Fisher’s exact test, p = 0.707) were not significantly
different. PTA in the good (tested) ear was also not different
across the three groups [χ2(2) = 2.062, p = 0.357]. Between the
two SSD groups (SSD-R vs. SSD-L), there were no significant
differences in PTA in the poor ear (Wilcoxon rank sum test,
p = 0.936), duration of SSD (p = 0.716) or age at onset of SSD
(p = 0.755).

When the two SSD groups were pooled, the duration of
SSD was negatively correlated with the age at onset of SSD
(rs = −0.793, n = 26, p < 0.001), but the age at the time of the
experiment was related to neither the duration (p = 0.271) nor
the age at onset of SSD (p = 0.101). When the two SSD groups
were separately tested, a negative correlation between age at onset
and duration of SSD was significant in both SSD groups (SSD-R:
rs =−0.834, p = 0.001; SSD-L: rs =−0.606, p = 0.017). The age at
the time of the experiment was significantly related to the age at
onset of SSD in the SSD-L group only (SSD-R: p = 0.422; SSD-L:
rs = 0.581, p = 0.023) but was not related to the duration of SSD
in either group (SSD-R: p = 0.705, SSD-L: p = 0.334).
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In the NC group, PTA from both ears was not different
[t(22) = 1.464, p = 0.157].

Behavioral Results
When the localization test results of the SSD-L group were flipped
to match the good-/poor-hearing side with those of the SSD-
R group, the response angle was different across stimulation
directions, whereas no differences were found for groups.
A mixed design ANOVA results showed no significant interaction
between stimulation direction and group [robust ANOVA for
mixed design; stimulation direction: F(7,11.1) = 26.8, p < 0.001;
group: F(1,13.7) = 0.6, p = 0.447; stimulation direction × group:
F(7,11.1) = 1.42, p = 0.288]. Therefore, all data reported here
were standardized such that negative angular or stimulus values
represent the impaired (plugged) ear side and positive values
represent the intact (open) ear side. The pooled data from the
SSD group were compared with those from the NC group (the
right ear was covered and masked to simulate SSD-R).

Sound Localization Performance
The sound localization performance of all individuals in the NC
and SSD groups is provided in Figure 2. The results of the
simulated NC group revealed that although all responses from
the intact ear side (+45◦, +90◦, and +135◦) were on the same
hemifield (Figure 2A), the responses from the acutely plugged
ear were more diverse. The SSD patients variably responded to
stimuli from the good-hearing sides, and some patients even
responded to the opposite hemifield with stimuli from the good-
hearing side (Figure 2B). A robust ANOVA for mixed design
was examined the effect of group and stimulation angles on
behavioral performances. Results showed a significant effect
of the stimulation angles, with no effects for the group and
interaction [stimulation direction: F(7,19.9) = 13.7, p < 0.001;
group: F(1,19.8) = 3.2, p = 0.087; stimulation direction × group:
F(7,19.9) = 1.98, p = 0.109]. When the SSD group was divided
into three subgroups by the duration of SSD (Figure 2B),
stimulation angle and its interaction with subgroup showed
significant effects, whereas group differences did not [robust
ANOVA for mixed design; stimulation direction: F(7,3.9) = 19.3,
p = 0.007; subgroup: F(2,3.9) = 5.27, p = 0.078; stimulation
direction× subgroup: F(14,3.8) = 14.3, p = 0.012].

Both the NC and SSD groups showed a clear response bias
toward the intact side. While 37.5% of the stimuli were provided
on the good-hearing side (three out of eight speakers), 68.2 and
67.3% of responses were recorded on this hemifield in the plugged
NC and SSD groups, respectively. However, in the impaired side
of the SSD subgroup with a very long duration of SSD (43–
46 years), bias toward the intact ear side was not apparent, of
whom three out of five responded with the correct hemifield to
stimuli from three speakers on the poor-hearing side (Figure 2B,
black triangles).

Mean absolute error values between the stimulation angle
and response angle were grouped in four directions (front,
back, good-ear side, and poor-ear side) and compared between
groups (Table 2 and Figure 3). When comparing the NC
and SSD groups, the MAE values in the four directions were
significantly different across stimulation angles, and interaction

was significant; however the group effect was not significant
[robust ANOVA for mixed design; group: F(1,24.3) = 0, p = 0.967;
stimulation direction: F(3,21.3) = 41.3, p < 0.001; stimulation
direction × group: F(3,21.3) = 3.7, p = 0.028]. When comparing
each direction separately, the simulated NC group showed
significantly better performance (smaller angle difference) than
the SSD group for the good-hearing side only (Table 2). On
the other three directions, the performances were not significant
among groups (Wilcoxon rank sum test; good-hearing side:
p = 0.008; poor-hearing side: p = 0.196; front: p = 0.212; and
back: p = 0.150). In the NC group, MAE values were significantly
different across source directions [χ2(3) = 25.6, p < 0.001,
Figure 3A, left panel], with a smaller error on the good-hearing
side than on all three other sides (p < 0.001). In the SSD group
(Figure 3A, right panel), MAE values were also significantly
different across directions [χ2(3) = 28.6, p < 0.001]; the MAE
for the good-hearing side was significantly better than that for
the poor (p = 0.001) and front (p < 0.001) directions but was
not better than that for the back direction (p = 0.234), for
which the MAE was also smaller (better) than that for the poor-
hearing (p = 0.036) and front (p < 0.001) directions. When
MAE values were further analyzed across the NC group and
three SSD subgroups with different durations of SSD (Figure 3B),
MAE values were significantly different across source directions
[F(3,41.9) = 43.7, p < 0.001] and interacted with the group
[F(9,33.6) = 5.4, p < 0.001], but the group effect was not
significant [F(3,30.0) = 0.2, p = 0.875]. In the post hoc comparison,
the group difference was significant only in the good-hearing
direction [χ2(3) = 10.4, p = 0.015], with a significantly smaller
MAE in the NC group over two SSD subgroups with over 10 years
of SSD (NC vs. SSD10−29 years: p = 0.018, NC vs. SSD43−46 years:
p = 0.035). Similar to the NC group, the SSD < 7 years group
showed the best MAE on the good-hearing side compared with
all three other directions [χ2(3) = 13.6, p = 0.004; good vs. poor:
p < 0.001; good vs. front: p < 0.001; good vs. back: p = 0.048],
but in the other two subgroups with over 10 years of SSD,
MAE values on the good-hearing side were not significantly
superior to the MAE values on the poor-hearing side and back
(p > 0.05) (Figure 3B).

The AI values were calculated in each group to represent
the difference in sound localization performance between good-
and poor-hearing sides (Table 2). AI values were significantly
smaller in the SSD group than in the NC group (Wilcoxon
rank sum test, p = 0.046), meaning that localization performance
between the good- and poor-hearing sides was more symmetric
in the SSD group than in the acutely plugged controls. When
further compared between the NC group and SSD subgroups,
AI values differed significantly across groups [Kruskal–Wallis
χ2(3) = 9.2, p = 0.027], with significantly smaller AI values in
the SSD43−46 years group than in the NC group (p = 0.042) and
SSD < 7 years group (p = 0.033).

Localization Performance and Clinical Factors
In the SSD group, a partial correlation analysis was performed to
examine whether the age at onset or the duration of SSD affected
the sound localization performance. While MAE values in the
front and back directions were not related to either the duration
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FIGURE 2 | Sound localization test results. Response angles were plotted by stimulation angle in the acutely plugged NC (A) and SSD (B) groups. Both groups
showed response bias toward the intact (open) ear side. Upon all responses, 68.2 and 67.3% were recorded on the intact ear side in the simulated NC and SSD
groups, respectively.

TABLE 2 | Mean absolute error values in four directions and asymmetry index values in the SSD and NC groups (mean ± SD).

Mean absolute error (|stimulus – response|, degree) AI

Group Good-hearing side (45◦, 90◦, 135◦) Poor-hearing side (−45◦, −90◦, −135◦) Front (0◦) Back (180◦)

NC (left only, n = 23) 42.8 ± 16.6 105.0 ± 42.3 97.4 ± 41.4 92.3 ± 45.7 0.42 ± 0.28

SSD (n = 26) 60.1 ± 23.1** 94.5 ± 32.1 112.0 ± 25.5 72.0 ± 32.5 0.26 ± 0.30*

SSD<7 years (n = 11) 49.1 ± 17.7 108.0 ± 29.9 108.0 ± 31.9 81.0 ± 41.4 0.41 ± 0.24

SSD10−29 years (n = 10) 67.2 ± 23.6* 90.0 ± 32.4 118.0 ± 20.5 70.2 ± 19.8 0.20 ± 0.35

SSD43−46 years (n = 5) 70.2 ± 26.8* 73.8 ± 27.7 112.0 ± 20.7 55.8 ± 29.4 0.02 ± 0.14*

SSD, single-sided deafness; NC, normal control; AI, asymmetry index.
The symbols “*” and “**” denote statistically significant differences (p < 0.05 and p < 0.01, respectively) from the NC group.

or age at onset of SSD (p > 0.05), MAE values from the poor-
hearing side showed a significant correlation with both factors
(Figure 4A). In cases of SSD onset at a younger age, localization
ability was better (smaller angle difference) on the poor-hearing
side (rs = 0.439, p = 0.028). On the good-hearing side, a negative
trend showing worse performance with SSD onset at a younger
age was found (p = 0.124). As expected with the strong negative
correlation between onset age and duration of SSD, a reverse
relationship was found with the duration of SSD. When the
duration of SSD increased, localization performance improved
on the poor-hearing side (rs = −0.527, p = 0.007), and tended
to deteriorate on the good-hearing side (rs = 0.358, p = 0.079). As
a result, the difference in sound localization ability between the
good- and poor-hearing sides was the largest when the duration
of SSD was the shortest (and the age onset of SSD was the latest),
and the performance asymmetry between the good- and poor-
hearing sides decreased as the duration of SSD increased (and

with a younger age of SSD onset). This change in performance
asymmetry was confirmed with the analysis of AI in this group.
The AI value was smallest when the onset age of SSD was the
youngest (p = 0.036, rs = 0.421, Figure 4B, left panel) and the
duration of the SSD was the longest (p = 0.018, rs = −0.470,
Figure 4B, right panel).

Auditory Cortex and Asymmetry Index
For analyses of the cortical structural indices, the SSD-R
and SSD-L groups were not pooled considering the inherent
structural/functional asymmetry of the brain. Across the SSD-R,
SSD-L, and NC groups, there was no significant difference in nCV
in any of the six ROIs (one-way ANOVA on trimmed means,
p > 0.05). In both the SSD-R and SSD-L groups, nCV in all six
ROIs did not reveal a significant relationship with either the onset
age of SSD or duration of SSD (nonparametric partial correlation
controlling age, p > 0.05). In the SSD-R group, greater volumes
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FIGURE 3 | Comparison of MAE values in four directions (mean ± SE). (A) NC (acutely plugged) group and SSD group. (B) SSD subgroups with different duration of
SSD. ***p < 0.001; **p < 0.01; *p < 0.05.

in the right posterior STG (rs =−0.855, p = 0.002) and the left PT
(rs = −0.765, p = 0.010) were associated with smaller AI values
(Figure 5), whereas the aging effect was removed. In other words,
the greater the GM volume of these regions, the more symmetric
the localization performance between the impaired and intact
hearing sides in this group. In the SSD-L group and NC group,
nCV was not related to AI in any of the six ROIs.

DISCUSSION

Auditory Source Localization Using Level
Cues Improved on the Deaf Ear Side and
Deteriorated on the Intact Ear Side in
Single-Sided Deafness Patients
Changes in sound localization behavior in the SSD group
observed in the present study can be summarized as follows:
(1) In the SSD group, localization ability using level cues on the
intact ear side was worse than that in the acutely plugged controls
(Table 2) and tended to deteriorate with longer duration of SSD.
(2) On the impaired ear side of the SSD group, localization
performance improved with longer duration/younger age onset
of SSD (Figure 4A). (3) As a result, functional asymmetry
between intact and impaired sides decreased in the SSD group,
and the maximum decrease was observed with the longest
duration/the youngest age onset of SSD (Table 2 and Figure 4B).

For binaural listeners, interaural time and level differences
are the two most reliable sources for azimuthal localization,
and monaural spectral cues play an auxiliary role, such as
discriminating sources in the cone of confusion (Risoud et al.,
2018). The monaural spectral cue is generated by the filtering
action of the pinna (and head and torso) and composed of high-
frequency information. This head-related transfer function is

specific to each individual, as the morphology of the body and
the pinna varies greatly between individuals. Monaural listeners
also heavily rely on monaural level cues, which are generally
ignored by binaural listeners (Van Wanrooij, 2004). When
the sound source originates from the deaf side, the perceived
intensity relates to its azimuth, as the subject’s head attenuates
the perceived sound level. Adaptation of this level cue can be
measured when the stimulus level is fixed (Van Wanrooij, 2004).
Using a 1 kHz sound at a fixed stimulus level, the localization
performance measured in this study can reflect the monaural
strategy of sound localization using level cues.

On the intact ear side, both the SSD and simulated NC
groups showed clear response bias toward the intact (open) ear
side (Figure 2), but the MAE values were significantly smaller
in the NC group with simulated hearing loss (Table 2). The
decreased performance in the SSD group on this side seemed to
be associated with SSD experience, a finding supported by the
tendency toward increased MAE with increased SSD duration
(Figure 4A, right side). The effect of SSD experience was clear
on the side with impaired hearing, a finding supported by
significant correlations with clinical factors. Their MAE was
the best (smallest) when the duration of SSD was the longest
or the age at the onset of SSD was the youngest. The AI was
calculated by combining the behavioral changes on the intact
and impaired sides that changed in opposite ways to represent
both factors as a single measure. As expected, Figure 4A shows
that the functional asymmetry between the intact and impaired
sides decreased with a longer duration/earlier age at the onset of
SSD, with a moderate correlation (Figure 4B). A longer duration
of SSD (Slattery and Middlebrooks, 1994; Liu et al., 2018), a
younger age at the onset of SSD (Firszt et al., 2015, 2017),
and both together (Nelson et al., 2019) have been previously
associated with improved localization ability in SSD patients.
In recent studies that measured localization behavior in SSD
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FIGURE 4 | Changes in localization parameters with age of SSD onset and SSD duration. (A) MAE values of three speakers on the good- and poor-hearing sides
were plotted as a function of onset age (left) and duration (right) of SSD. (B) The asymmetry index, which represents the relative difference in weighted MAE values
between the good- and poor-hearing sides, was also plotted by the onset age (left) and duration (right) of SSD.

patients, those with the best localization performance were those
who had more symmetrical abilities on the intact/impaired
sides (Agterberg et al., 2012; Nelson et al., 2019). The results
of this study replicate those of previous studies showing that
auditory spatial strategy changes to help patients cope with
single-sided hearing, which attenuates binaural difference cues.
However, the magnitude and quality of change varies according
to the testing method, the stimuli used, and the audiologic
profile of subjects. Behavioral changes are related to the duration
and/or onset of unilateral hearing. Overall, the findings suggest
adaptive changes in behavior in response to prolonged experience
with unilateral hearing and/or developmental plasticity. The
demographic profile of our patient cohort did not allow us
to differentiate the effects of those two clinical variables. This

should be further addressed in future studies with a greater
number of patients.

Gray Matter Volume in the Posterior Part
of the Auditory Cortex Is Associated
With Auditory Spatial Abilities in Right
Single-Sided Deafness Patients
To pursue the biological substrate that grounds the above
observed behavioral changes, the cortical structure of the
parcellated auditory cortex was compared to the behavioral
performance in the SSD group. The AI was used as a composite
index representing behavioral changes across impaired and intact
sides. Right and left SSDs were separately analyzed considering
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FIGURE 5 | Significant correlation between nCV and AI values in two ROIs of the SSD-R group. STG, superior temporal gyrus.

the functional/structural asymmetry of the auditory cortex. As
a result, the GM volume in the right posterior STG and the
left PT were strongly related to the AI in the right SSD
patients; a greater volume in those areas was related to more
symmetric localization performance between the good-/poor-
hearing sides.

Auditory spatial processing is mediated by the dorsal stream of
the cortical auditory pathway. From the primary auditory cortex,
the dorsal stream is directed posteriorly via the PT and dorsally
to the inferior parietal lobule, premotor cortex, and dorsolateral
prefrontal cortex, the latter of which is involved in top-down
modulation to the primary and nonprimary auditory regions (van
der Heijden et al., 2019). The posterior auditory cortex, including
the PT, has been traditionally implicated in spatial processing,
especially to the sound source in the contralateral hemisphere
(Ahveninen et al., 2014; Callan et al., 2015; van der Heijden et al.,
2018).

Compared to bilateral deafness, SSD is a more recent focus
of dedicated research, and less is known about neuroplasticity
following unilateral hearing loss (Vanderauwera et al., 2020).
Although the overall number of studies is small and the
audiologic profiles included are diverse, neural changes
associated with asymmetric hearing have been observed in
both functional and structural domains and are related to
clinical/audiologic variables such as the duration of SSD (Yang
et al., 2014; Wang et al., 2016), age at SSD onset (Lee et al.,
2020), severity of hearing impairment (Wang et al., 2016; Xie
et al., 2019), and side (Khosla et al., 2003; Burton et al., 2012;
Zhang et al., 2016; Heggdal et al., 2019; Xie et al., 2019; Han
et al., 2021). However, findings are scarce regarding how the
observed neuroplasticity in asymmetric hearing is related to
binaural auditory performance, such as sound localization
ability. In one recent fMRI study of subjects with varying degrees
of asymmetric hearing loss (Vannson et al., 2020), changes in
auditory localization ability were associated with neural plasticity
in the posterior auditory cortex, where structural correlation
with localization performance was also observed in this study.

Neuroimaging studies with sound localization tasks have not
yet been reported, and neuroplasticity related to auditory
spatial performance changes should be further elucidated with
consideration of clinical variables such as the degree, duration,
and onset of hearing asymmetry.

This study found cortical structural changes in relation to
auditory spatial behavior in the SSD-R group only. Ear-specific
neuroplasticity in patients with asymmetric hearing has been
reported, yet the findings are controversial. Recent neuroimaging
studies have shown a clear impact of the deafness side, with a
greater degree of neural plasticity for right-sided hearing loss
(Cañete et al., 2019; Heggdal et al., 2020; Han et al., 2021). On
the other hand, others reported more extensive neurofunctional
reorganization in individuals with left-sided hearing loss (Khosla
et al., 2003; Hanss et al., 2009; Zhang et al., 2016). In a
series of studies, Zhang et al. (2018a,b) have found different
patterns of changes in resting-state connectivity as a function
of side of hearing loss. Taken together, previous literature
indicates that neuroplastic changes can vary depending on the
neural indices applied to measure and the way to examine
behavioral performance. In our study, we measured auditory
spatial ability, which is known to be dominantly processed in the
right hemisphere. Thus, we assumed that in the SSD-R group,
auditory input would be efficiently delivered to the right auditory
cortex via the intact left ear. Accordingly, the relatively preserved
sensory input might incur more extensive structural changes in
the auditory cortex in this group.

The behavioral changes in auditory spatial ability related
to the experience of asymmetric hearing have motivated the
development of sound localization training programs and devices
for patients with asymmetric hearing loss (Firszt et al., 2015;
Fletcher and Zgheib, 2020). A recent study with an animal model
reported a specific role of auditory cortical plasticity in sound
localization training (Bajo et al., 2019). Improved knowledge
regarding the behavioral implications of neuroplasticity in the
human auditory cortex would help to improve the effectiveness
of those rehabilitative options.
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CONCLUSION

In SSD patients, sound localization ability changes in relation
to the onset/duration of SSD and prolonged experience/earlier
onset of SSD were related to a more symmetric performance
of using the monaural level cue across the intact and impaired
sides. A significant structural correlation of the posterior auditory
region to the adaptive behavioral change in sound localization
suggests that neuroplasticity occurs in the cortical areas for
auditory spatial processing in subjects who suffer from deficits in
function due to asymmetric auditory input.
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Objective: To investigate the effect of the blood flow direction and afflux location of
emissary veins (EVs) on the hemodynamics of the transverse-sigmoid sinus (TS-SS)
junction.

Methods: A patient-specific geometric model was constructed using computed
tomography venography (CTV) and 4D flow MR data from a venous pulsatile tinnitus
(PT) patient. New EV models were assembled with the afflux at the superior, middle and
inferior portions of the SS from the original model, and inlet and outlet directions were
applied. Computational fluid dynamics (CFD) simulation was performed to analyze the
wall pressure and flow pattern of the TS-SS junction in each condition.

Results: Compared to the model without EVs, the wall pressure was greatly increased
in models with inlet flow and greatly decreased in models with outlet flow. The more
closely the EV approached the TS-SS, the larger the pressure in models with inlet flow,
and the smaller the pressure in models with outlet flow. The flow streamline in the lateral
part of the TS-SS junction was smooth in all models. The streamlines in the medial
part were regular spirals in outlet models and chaotic in inlet models. The streamlines
showed no obvious changes regardless of afflux location. The velocity at the TS-SS
junction of inlet models were uniform, medium-low flow rate, while in control and outlet
models were the lateral high flow rate and the central low flow rate.

Conclusion: The flow direction and afflux location of EVs affect the hemodynamics of
the TS-SS junction, which may influence the severity of PT.

Keywords: pulsatile tinnitus, emissary veins, medical imaging, computational fluid dynamics, hemodynamics

INTRODUCTION

Pulsatile tinnitus (PT) is a bothersome and not infrequent condition with vascular origins; this
condition, mostly occurs in childbearing women. After a rigorous examination, venous origins are
most commonly found (Lyu et al., 2018). In recent years, the newly treatable causes, innovative
therapeutic procedures and possible mechanisms of venous PT have attracted a great deal of

Frontiers in Human Neuroscience | www.frontiersin.org 1 November 2021 | Volume 15 | Article 70701457

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://doi.org/10.3389/fnhum.2021.707014
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnhum.2021.707014
http://crossmark.crossref.org/dialog/?doi=10.3389/fnhum.2021.707014&domain=pdf&date_stamp=2021-11-12
https://www.frontiersin.org/articles/10.3389/fnhum.2021.707014/full
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-707014 November 10, 2021 Time: 12:48 # 2

Qiu et al. Effect of EVs on Hemodynamics

attention. The transverse-sigmoid sinus (TS-SS) junction has
been reported as the most commonly involved site in venous PT.
Recent studies have implied that venous PT may be generated
by a combination of multiple vascular, skeletal and pressure
factors (Eisenman et al., 2018). The roles of TS stenosis (Hewes
et al., 2020), SS diverticulum (Lansley et al., 2017), venous
outflow dominance, SS wall dehiscence (Zhao et al., 2016) and
increased intracranial pressure (Funnell et al., 2018; Onder,
2018) have been well investigated. Increased wall pressure and
a turbulent flow pattern at the TS-SS junction are thought to
be associated with venous PT (Amans et al., 2018; Li et al.,
2018; Mu et al., 2020), which implies that any procedure
changing the hemodynamics in this area may alleviate or worsen
the sound.

Emissary veins (EVs) are valveless channels between the dural
venous sinuses and extracranial venous structures, although most
of EVs are inflow, bidirectional flow and turbulence are possible
under an increase in intracranial pressure (Mortazavi et al.,
2012; Reardon and Raghavan, 2016). Most reports concerning
EVs relate to the possibility of intraoperative iatrogenic bleeding
(Ozen and Sahin, 2020). Three EVs communicate with the TS-
SS junction or SS: the mastoid EV (MEV), the petrosquamosal
sinus and the posterior condylar EV. These veins are found
in more than 80% (Pekcevik et al., 2014; Gulmez Cakmak
et al., 2019; Ozen and Sahin, 2020), 11.1% (Pekala et al.,
2018), and 76.5% (Pekcevik et al., 2014) of the population,
respectively, and their diameter varies from less than 1 mm to
more than 5 mm. All three have been reported as causes of
PT (Lambert and Cantrell, 1986; Lee et al., 2013; Liu et al.,
2013), and the sound may be totally eliminated after ligation.
However, the curative effect of EV ligation against PT is not
stable in clinical practice. To our knowledge, studies on this
topic are rare, and all of them are case reports. The roles of
EVs in the occurrence of PT have not been investigated. It
is important to explore which types of EVs may benefit from
ligation for PT.

We speculate that EVs may result in the occurrence of PT. On
the one hand, an abnormally enlarged EV may itself cause PT
when presenting with both strong blood flow and a dehiscent wall
along the mastoid air cells; on the other hand, it is more often for
EVs to act as one of the most important factors to result in PT by
changing the hemodynamics at the TS-SS junction (Kao et al.,
2017). The effect of EVs may mainly depend on the direction
and velocity of their blood flow and the location of the afflux.
Thus, it is important to identify the roles of these factors in the
changes on hemodynamics at the TS-SS junction to predict the
effect of ligation.

Computational fluid dynamics (CFD) is an emerging
technique to simulate hemodynamics in venous PT patients
(Kao et al., 2017; Amans et al., 2018; Tian et al., 2019; Mu et al.,
2020). This method utilizes computational processing to perform
numerical analysis of fluid flow within three- dimensional (3D)
models. These models can replicate patient-specific vascular
segments by importing real geometrical information obtained
by computed tomography venography (CTV) or magnetic
resonance venography (MRV) into finite element analysis
software (Markl et al., 2012).

CTV has been usually used to capture real vascular
morphology (Narvid et al., 2011; Zhao et al., 2016), and 4D
flow MR has the ability to capture accurate blood flow velocity
and complex blood flow patterns in vivo (Kweon et al., 2016;
Amans et al., 2018; Li et al., 2018). Through the combination
of imaging examination and CFD analysis of individual finite
element models, the simulation flow field can be visualized
pictorially, and complex hemodynamic characteristics can be
determined. However, CTV combined MR 4D-flow have not
been adapted in CFD analysis.

In this study, based on CTV images and 4D flow MR velocity
data of a patient with PT, 7 semipersonalized models were
established, including an original model without EVs, 3 inlet EVs
in the superior, middle and inferior portions of the SS, and 3
outlet EVs in the superior, middle and inferior portions of the
SS. Steady-state CFD was used to investigate the hemodynamic
effects of EV-related factors at the TS-SS junction. The wall
pressure distribution, velocity streamlines and velocity difference
at the TS-SS junction were calculated to assess the hemodynamic
changes in the blood flow direction and afflux location of EVs at
that junction. In this study, semi personalized simulation digital
models were constructed based on multimodal image data to
explore the influence of the EVs location and blood flow direction
on the hemodynamics of TS-SS junction, so as to predict the
possible role of EVs in PT.

MATERIALS AND METHODS

Participant
Research ethics board approval was obtained in our institution.
This study was based on a 22-year-old female who presented
with a 2-year history of left-sided PT. The symptom was
eliminated by compressing the ipsilateral jugular vein. The
results of physical examination and otoscopic and audiometric
evaluation were unremarkable. CTV showed an enlarged left
MEV about 2 mm in diameter, ipsilateral upstream TS stenosis
and SS wall dehiscence. PT was not relieved after ligation of
the MEV.

Imaging Features
Patient-specific raw CTV images were obtained using a 256-
slice spiral CT scanner (Philips Medical Systems, Netherlands);
the CTV data consisted of 231 slices acquired before ligation
(512 × 512 pixels, 0.625 mm slice thickness) in Digital Imaging
and Communications in Medicine format. Iodinated non-ionic
contrast material was applied to display the lumens of the TS, SS,
jugular vein, and large MEV on CTV images.

The patient underwent MRV and a 4D flow scan with
a 3.0 T MR scanner (Philips, Ingenia, Netherlands). All
visualization, assessment and interpretation of 4D flow data
were performed using dedicated GT Flow 2.2.15 software
(GyroTools, Switzerland).

Vascular Model Construction
CTV image files were imported into MIMICS 20.0 software
(Materialise, Belgium) to construct a 3D model of the left TS
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to jugular bulb containing the EV as original model, which
was used to compare with the 3D model post-processed by 4D
flow to verify the accuracy of CFD simulation; then a “ligation”
model without EV was constructed as the control subject. Based
on control subject, three new 20-cm-long and 2-mm-diameter
EV models were built using Solidworks 2016 software (Dassault
Systemes, United States). Due to the irregular shape of the
patient’s real EV, there might be additional confounding factors;
therefore, semipersonalized EV models with regular shapes were
simulated to control unrelated variables. The new finite element
models were assembled at the superior, middle and inferior
portions of SS, and the direction were set to inflow (group 1) and
outflow (group 2). The presence of superior, middle, and inferior
inlet EVs and the presence of superior, middle, inferior outlet EVs
were named cases 1–6, respectively. Through image segmentation
and 3D model creation, geometric models were obtained.
The models were smoothed using Freeform and Geomagic
software (Geomagic, United States). After processing, the surface
geometries were saved in standard tessellation language format.

Computational Models and Simulations
The standard tessellation language format files were imported
into Fluent 2019 R1 (ANSYS, Inc., Cecil Township, Pennsylvania,
United States) for meshing; high quality polyhedral 3D meshing
was successfully created. In order to confirm the adaptive grid
size, the wall pressure was used as the criterion for the grid-
independence test. The area of wall pressure was located at the
TS-SS junction (Figure 1). A grid with less than 5% pressure error
was considered acceptable. A maximum of 1013699 elements

FIGURE 1 | Positions of inlet, TS, TS-SS junction, SS, EV, and outlet.

were developed, which was a sufficient number for this study.
The element size of each case was set to a maximum of 0.2 mm.
Four boundary layers were generated to resolve the flow field
at the fluid-wall interface. The venous wall was assumed to be
rigid and a no-slip boundary condition was applied. The blood
was assumed to be a laminar and incompressible Newtonian fluid
with a density of 1050 kg/m3 and a viscosity of 0.0035 Pa/s. The
constant inlet section was located at the TS of the model, and the
boundary condition used the real blood flow velocity of 45 cm/s at
the TS measured by 4D flow; the constant outlet was located at the
jugular bulb, and the boundary condition was set to an absolute
pressure of 0 pa. In the original model, since the real blood flow
in the EV was observed as the outflow direction in 4D flow,
the boundary condition was set to the real velocity of −20 cm/s
measured by 4D flow. According to the flow directions prescribed
by the study design, when the distal newly built EVs were used
as inlets or outlets, the boundary conditions were ± 20 cm/s,
respectively. The Navier-Stokes formula, solved with Fluent 2019
R1, was used as the governing equation for calculations. Based
on the simulation results, several flow parameters were calculated
and color-coded according to magnitude and distribution to
evaluate the effects of model hemodynamics quantitatively. These
parameters included wall pressure distribution, wall maximum
pressure (Pmax), wall average pressure (Pavg), velocity streamlines
and distribution, maximum velocity (Vmax) and average velocity
(Vavg). The original model simulation only needed to obtain the
velocity streamline, which was used to compare with the 4D
flow results.

RESULTS

Comparison of Original Model
Computational Fluid Dynamics
Simulation and 4D Flow Results
Comparing the velocity streamline of the real 4D flow MR
postprocessing model of the patient collected in this study
with the streamline model obtained by CFD simulation, it was
found that the blood flow pattern and velocity were consistent
(Figure 2), which confirmed the accuracy of CFD simulation
in vivo blood flow state. Therefore, the follow-up results of this
study can be considered as reliable.

The Control Subject
The CFD simulation results of the control subject, which can
be compared with the results of cases 1–6, are shown in
Figures 3D,H. The pressure at the TS-SS junction area was lower
than the pressure upstream of the transverse sinus stenosis and
was higher at the lateral wall of the TS-SS junction, especially
at the dome (Figures 3D,H). The shape of the streamlines was
smoother on the lateral side, compared to regular spiral on the
medial side. The overall flow pattern at the junction area was
regular (Figure 4D). The velocity distribution illustrated that the
velocity at the junction area was significantly slower than the
velocity in the TS stenosis. The flow velocity on the lateral side
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FIGURE 2 | Comparison of velocity streamline obtained from 4D flow MR post-processing with that simulated by CFD.

FIGURE 3 | Wall pressure distribution of the TS-SS junction. The upper row shows the wall pressure distribution of models with inlet EVs (A–C) and without EVs (D)
in group 1; the lower row shows that of models with outlet EVs (E–G) and without EVs (H) in group 2.

of the junction area was faster than the velocity on the medial
side (Figure 5D).

Wall Pressure Changes at the
Transverse-Sigmoid Sinus Junction
When there was influent blood flow in the EVs, whether they
were located at the superior, middle, or inferior portion of the

SS, the wall pressures of group 1 at the junction were higher
than those of the control subject, with the difference being most
notable at the lateral wall (Figures 3A–D); when there was reverse
flow, the pressures of group 2 were lower than those of the control
subject, but the pressures was still higher at the dome of the lateral
wall than at the medial wall at the TS-SS junction (Figures 3E–H).

In group 1, the pressures at the TS-SS junction decreased
gradually as the EVs moved down, but they were higher than
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FIGURE 4 | Velocity streamlines of the TS-SS junction. The upper row shows the velocity streamlines of inlet EVs (A–C) in group 1; the lower row shows those of
models without EVs (D) and with outlet EVs (E–G) in group 2.

those of the control subject (Figures 3A–D). Conversely, in group
2, as the EV position moved down, the pressures at the TS-SS
junction increased, but they were lower than those of the control
subject (Figures 3E–H). Again, the highest pressures were always
at the dome of the TS-SS junction. Figure 6 illustrates the Pavg on
the junction area, and the quantitative Pmax and Pavg are shown
in Table 1.

Blood Flow Patterns at the
Transverse-Sigmoid Sinus Junction
Regardless of whether the EVs were inlets or outlets, the
blood flow patterns of cases 1–6 compared with the control
subject showed that the streamlines in the lateral part of
the TS-SS junction area were all smooth (Figure 4). The
streamlines of group 1 in the medial part were slightly disordered
(Figures 4A–C), while those of group 2 were regular spirals
similar to the control subject (Figures 4E–G).

In group 1, the changes in blood flow velocity distribution at
the TS-SS junction showed little change, but they were different
from those of the control subject, and the flow velocities were
relatively uniform, medium-low flow rate (Figures 5A–D). In
group 2, the flow velocity changes at the TS-SS junction were
similar to those of the control subject, group 2 had higher flow
velocities in the lateral and medial parts than lower velocities in
the central part, similar to the control subject (Figures 5D–G).
The overall flow velocity of TS-SS junction in group 1 was lower
than that in group 2. Figure 7 indicates the difference in Vavg in

each case. The quantitative data on Vmax and Vavg are also shown
in Table 1.

DISCUSSION

This study is the first to comprehensively explore the effect of
EV on the hemodynamics of the TS-SS junction. Finite element
analysis, a powerful simulation tool in biomechanics (Miller,
2009), was used to show the influence of the flow direction
and afflux location of EVs on the hemodynamics of the TS-SS
junction. Previous studies of the hemodynamics of venous PT
mostly used CTV or digital subtraction angiography to construct
CFD models (Kao et al., 2017; Amans et al., 2018; Tian et al.,
2019; Mu et al., 2020). To evaluate the effects of EVs in different
locations and different flow directions on the hemodynamics
of the TS-SS junction, we included CTV combined with 4D
flow images from a venous PT patient to construct a highly
simulated CFD model. In previous studies, data on the inlet blood
flow of the TS, which we consider important for the results,
were mostly assigned subjectively. In this study, 4D flow MR
was used to obtain the true velocity at the entrance and to
compare the flow pattern with the initial model to improve the
reliability of the results.

As our subject, we chose a patient with the most common
features of venous PT, such as ipsilateral TS stenosis (Han et al.,
2017; Lansley et al., 2017; Eisenman et al., 2018; Hewes et al.,
2020), distention of the TS-SS junction (Hsieh and Wang, 2020),

Frontiers in Human Neuroscience | www.frontiersin.org 5 November 2021 | Volume 15 | Article 70701461

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-707014 November 10, 2021 Time: 12:48 # 6

Qiu et al. Effect of EVs on Hemodynamics

FIGURE 5 | Velocity distribution of the TS-SS junction. The upper row shows the velocity distribution of inlet EVs (A–C) in group 1; the lower row shows those of
models without EVs (D) and with outlet EVs (E–G) in group 2.

SS wall dehiscence (Dong et al., 2015; Mundada et al., 2015;
Eisenman et al., 2018), and ipsilateral EV (Dong et al., 2015),
so that the study would reflect common clinical situations. The
diameter of the EVs was set to 2 mm instead of a much larger
size for the same reason. The location was set to three different
positions to simulate the afflux locations of the petrosquamous
sinus, MEV and posterior condylar EV. Bidirectional blood flow
was permitted because the EVs are valveless. In addition, we
assumed that the faster the velocity, the more remarkable the
abovementioned effects would be; therefore, this important factor
was not specifically investigated here.

Pressure change has been reported as an important indicator
affecting PT (Mu et al., 2020). Our results showed that the flow
directions of EVs may significantly affect the pressure of the
TS-SS junction. We concluded that the EV flow direction must
be considered when choosing the ligation operation. If there
is strong blood flow from an EV into the SS, ligation may be
helpful to alleviate the sound. Otherwise, this treatment will
be not only worthless but also harmful. For example, ligation
may increase the risk of intracranial hypertension and associated
serious neurological injury if the blood flow blocked by the
ligation cannot be compensated (Zhao et al., 2016). When an EV
acts as an inlet, the vessel wall at the TS-SS junction is subjected
to the impact of blood flow from at least two directions, including
one from the TS and another from the EV, which may increase the
pressure. Under these circumstances, EV ligation is equivalent to
reducing the blood flow into the SS, and the pressure is reliably
reduced as well. In contrast, When an EV is the outlet, as a
collateral drainage vein pathway, it can prevent any increase in
upstream resistance, thus affecting the overall upstream pressure

gradient and limiting the increase in blood pressure (Levitt et al.,
2016). Therefore, after ligation, the area of the downstream outlet
decreases, which will definitely increase the pressure at the SS. In
addition, when the EV is inlet, the higher the EV position is, the
closer it is to the TS-SS junction, and the greater the blood flow
impact from both sides of TS and EV, so the higher the pressure
is. The ligation effect may be better at this time.

TS venous flow sharply turned at the TS-SS junction, affecting
the lumen and inducing an evident vortex at the TS-SS junction
(Shin et al., 2019). Our findings suggested that the blood flow
patterns at the junction in all models had smooth streamlines on
the lateral side. The angle between the TS and SS influences the
distribution of the flow field; therefore, the difference in the flow

FIGURE 6 | Wall Pavg at the junction area in each case.
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TABLE 1 | Quantitative data on wall pressures and velocities.

Case Model Pmax(Pa) Pavg(Pa) Vmax(cm/s) Vavg(cm/s)

Control No EV 593.6 386.7 148.6 25.7

1 s-in 791.2 764.8 63.3 18.2

2 m-in 780.1 754.3 69.0 16.9

3 i-in 706.9 679.3 70.6 16.7

4 s-out 307.1 70.1 150.0 26.6

5 m-out 304.3 103.1 147.1 25.3

6 i-out 521.0 320.1 149.6 25.3

※ s, superior; m, middle; i, inferior; in, inlet; out, outlet; Pmax, wall
maximum pressure; Pavg, wall average pressure; Vmax, maximum velocity; Vavg,
average velocity.

field may be caused by the different shapes of individual vessels.
In this case, because of the angle between the TS and SS, the
blood flow from the TS is concentrated on the lateral side, while
the flow velocity on the medial side is relatively low. Our results
also suggested that the flow velocity in the inlet group was much
lower than in the outlet group and the control subject. The reason
may be associated with that the EV inlet blood flow opposes
the TS inlet blood flow, and the kinetic energy is transformed
into potential energy according to mass conservation, resulting
in increased wall pressure and decreased flow velocity. And in the
inlet group, EV blood flowed into the SS, the normal lateral high-
speed blood flow band disappeared after impact, replaced by a
relatively uniform, slightly increased flow velocity distribution in
central of the TS-SS junction. The medial part of EV models with
outlet EVs or without EVs is a regular spiral flow, which may be
related to the swirling flow of blood under normal circumstances
(Ha et al., 2015); the irregular flow on the medial side of inlet EV
models may be caused by the collision of opposite blood flow,
which would cause the normal swirling flow to disappear and be
replaced with slightly disordered blood flow. It is also concluded
that ligation should be considered when the large EV of a PT
patient is an inlet.

Unfortunately, in this original case, PT still exists after large
EV ligation. Part of the reason is that the EV is located in

FIGURE 7 | Blood flow Vavg at the junction area in each case.

the middle to inferior portion of the SS, which is a non-
negligible distance from the TS-SS junction, and 4D flow MR
postprocessing images showed that there was outlet blood flow in
the EV. According to the abovementioned research, this kind of
EV has little effect on the hemodynamics of the TS-SS junction.
Therefore, ligation is not an effective treatment for the patient,
which is consistent with the results of the present study.

This study has several limitations. First, there is only one
case, which is not completely representative, although the most
common morphologic and hemodynamic characteristics of EV
and TS-SS junction in PT patients were set as numerical
boundary conditions. Second, this case is a semi-individual
model. The disadvantage of the semipersonalized model is that it
cannot fully simulate the characteristics of the original structure
and can implement only targeted simulations. The research
model requires different EV positions; thus, in order to control
other influencing factors, EV models with the same regular shape
are established, and the other parts are personalized. Third,
because the venous sinus is limited to the skull and dura mater,
and is less elastic than an artery, we considered it acceptable
to neglect wall elasticity, and the vessel wall of the venous
sinus was assumed to be rigid and governed by the no-slip
boundary condition (Sforza et al., 2010). Fourth, the results show
the influence of the MEV entry distance on the blood flow at
the junction, but the relationship between the degree of the
effect on blood flow and the distance was not quantified, and
the specific orientation of the entry point was not considered.
Finally, this study focused only on the effects of different EV
positions and flow directions on the hemodynamic of the TS-
SS junction. In fact, the EV diameter and internal flow rate can
also affect the target area; this influence will be further studied
in the future.

CONCLUSION

A specific-patient hemodynamic analysis implies that the flow
direction and afflux location of EVs affect the hemodynamics
of the TS-SS junction and the severity of PT. The main
observation is that when the enlarged EV is located in the
superior SS and the blood flow through the EV is positive,
the hemodynamic indicators of the TS-SS junction area are
markedly worse than in the model without EV. Venous PT
patients who have enlarged EVs adjacent to the TS-SS junction
and inlet flow are most likely to benefit from ligation. The
combined use of imaging technology and CFD simulation to
obtain hemodynamic information, such as wall pressure and flow
velocity, can provide a more accurate inference regarding the
etiology of PT for clinical practice and establish a theoretical basis
for subsequent treatment.
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Objective: Transverse sinus stenosis (TSS) is associated with various symptoms, but
whether it can lead to pathological brain changes is unclear. This study aimed to
investigate brain changes in venous pulsatile tinnitus (PT) patients with TSS.

Materials and Methods: In this study, fifty-five consecutive venous PT patients and fifty
age- and gender-matched healthy controls (HCs) were investigated. In CT venography,
the combined conduit score (CCS) was used to assess the degree of TSS in venous
PT patients. Magnetic resonance venography was used to assess TSS in HCs. All the
participants had undergone arterial spin labeling and structural MRI scans.

Results: Two patients without TSS and ten HCs with TSS were excluded. Fifty-three
venous PT patients with TSS and 40 HCs without TSS were included in this study. All the
patients had unilateral cases: 16 on the left and 37 on the right. Based on the CCS, the
patients were divided into high-degree TSS (a score of 1–2) (n = 30) and low-degree TSS
groups (a score of 3–4) (n = 23). In the whole brain and gray matter, the patients with
high-degree TSS showed decreased cerebral blood flow (CBF) compared with patients
with low-degree TSS as well as HCs (P < 0.05), and no significant difference in CBF
was found in patients with low-degree TSS and HCs (P > 0.05). In white matter (WM)
regions, the patients with high-degree TSS exhibited decreased CBF relative to the HCs
(P < 0.05). The incidence of cloud-like WM hyperintensity was significantly higher in the
above two patient groups than in the HC group (P < 0.05).

Conclusion: TSS in venous PT patients may lead to decreased CBF and cloud-like WM
hyperintensity. These neuroimaging findings may provide new insights into pathological
TSS in venous PT.

Keywords: transverse sinus stenosis, pulsatile tinnitus, brain perfusion, white matter, arterial spin labeling

INTRODUCTION

Pulsatile tinnitus (PT) is an auditory perception synchronized with vascular pulsation (Wang
et al., 2014). According to the blood vessels of origin, PT is divided into the arterial, venous and
arteriovenous types (Hofmann et al., 2013), of which venous PT accounts for 84% of the PT
population (Lyu et al., 2018). The sound originates from turbulent flow in the transverse-sigmoid
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sinus, which is then perceived by the inner ear (Bae et al., 2015).
Transverse sinus stenosis (TSS) is one of the most common
anomalies in venous PT, and it is also a clear etiology of this
condition. A previous study reported that 84.6% of venous PT
patients have varying degrees of bilateral TSS (Hewes et al., 2020).
After stent placement, PT can disappear completely (Baomin
et al., 2014). With the rapid development of imaging techniques,
an increasing number of studies have focused on the relationship
between TSS and the central nervous system (Saindane et al.,
2014; Morris et al., 2017; Favoni et al., 2019).

The intracranial venous system is a complex three-
dimensional structure with greater anatomic variation
and asymmetry than the arterial structure (Scott and Farb,
2003). Additionally, the former is susceptible to physiological
factors such as posture, breathing, and the hydration status
(Werner et al., 2011). Some additional factors, such as enlarged
arachnoid granules, septa, and congenital causes, can lead to
TSS (Durst et al., 2016), increasing the susceptibility to this
venous pathology.

Currently, TSS is the cause of the pathological conditions
of venous PT (Baomin et al., 2014) and idiopathic intracranial
hypertension (Farb et al., 2003; Carvalho et al., 2017). However,
few studies have focused on the neuroimaging characteristics
of symptomatic TSS. A previous study used semiquantitative
single-photon emission computed tomography (SPECT) to
identify decreased brain perfusion and cloud-like white matter
(WM) hyperintensity in symptomatic internal jugular vein (IJV)
stenosis patients (Zhou et al., 2019). Bai et al. (2019) further
found that patients with symptomatic TSS also have cloud-
like WM hyperintensity. Ding et al. reported a PT patient with
TSS and decreased brain perfusion; after TSS was resolved by
stent placement, the hypoperfusion state returned to normal
(Ding et al., 2019). These findings indicate that TSS may cause
pathological changes in the central nervous system. However, the
above studies assessed brain perfusion using SPECT (Ding et al.,
2019; Zhou et al., 2019), which is a semiquantitative and invasive
technique. Arterial spin labeling (ASL) uses magnetically labeled
arterial blood water as an endogenous tracer, which can non-
invasively and quantitatively assess brain perfusion (Ha et al.,
2019). Additionally, because stent placement requires the long-
term use of anticoagulants, sigmoid sinus wall reconstruction is
the main surgical treatment for venous PT in clinical practice
(Zhao et al., 2016; Eisenman et al., 2018; Hewes et al., 2020)
but does not resolve TSS. In the present study, we aimed to
quantitatively evaluate brain perfusion changes by ASL and
investigate white matter changes in venous PT patients with TSS,
possibly helping clinicians better understand such abnormalities
and choose treatment options.

MATERIALS AND METHODS

Subjects
This study protocol was approved by local institutional review
boards. All the participants offered written informed consent.

Fifty-five consecutive venous PT patients from the
Department of Otolaryngology Head and Neck surgery

were included in the study between January 2018 and December
2020. All the patients showed pulse-synchronous tinnitus, which
disappeared after compression of the ipsilateral internal jugular
vein. The age was between 18 and 50 years. These patients
had no neurological disorders, such as headache, papilledema,
decreased vision, sleep disturbance or memory deterioration.
The audiometric and otoscopic examination results were normal.
CT arteriography/venography (CTA/V), digital substraction
angiography (DSA), and ASL were performed in each patient
before treatment. The exclusion criteria for venous PT patients
were as follows: (1) systemic diseases such as hypertension,
hyperlipidemia, diabetes, and kidney disease; (2) carotid
or intracranial artery abnormalities, including congenital
malformation, large or small vascular disease and stenosis; (3)
IJV stenosis or thrombosis; (4) significant stenosis or hypoplasia
of venous sinuses in HCs; (5) neurodegenerative diseases or
neuroinflammation; (6) psychiatric or neurological disorders;
(7) history of head trauma or tumor; (8) drug and alcohol abuse
in the last 3 months; and (9) contraindications for MRI. The
Tinnitus Handicap Inventory (THI) score was used to assess
the severity of PT.

Fifty age- and gender-matched healthy controls (HCs) were
enrolled. The exclusion criteria for HCs were the same as those
for venous PT patients above.

Imaging Technique
MR arteriography/venography (MRA/V) of all the participants
was performed using a Philips 3.0T MRI unit (Ingenia; Philips
Healthcare, Best, Netherlands). The parameters of 3D time of
flight (TOF) MRA were as follows: repetition time (TR), 19 ms;
echo time (TE), 3.5 ms; flip angle (FA), 18◦; field of view
(FOV), 200 × 200 mm; matrix, 400 × 256; slice thickness,
1.1 mm, no gap; 156 slices. The parameters of 3D phase-contrast
MRV were as follows: TR, 17 ms; TE, 6.2 ms; FA, 10◦; FOV,
173 × 173 × 192 mm; velocity encoding, 15 cm/s; matrix,
144 × 108 × 120.

All venous PT patients had undergone CTA/V examination
using a 64-slice CT system (Philips, Best, Netherlands) with a
bolus tracking program. The parameters for CTA/V were as
follows: 300 mAs; 100 kV; collimation, 64 × 0.625 mm; matrix,
512 × 512; and rotation time, 0.75 s; contrast agent (iopamidol,
370 mg/ml iodine; Bracco, Shanghai, China): 1.5 ml/kg, 5 ml/s.
Images were reconstructed on a postprocessing workstation with
the following parameters: thickness, 1 mm, no gap; standard
algorithms (width 700 Hu; level 200 Hu) for soft tissue
reconstruction; bone algorithms (width 4,000 Hu; level 700 Hu)
for bone reconstruction.

Head MRA/V and cervical Doppler ultrasound were used to
exclude intracranial and cervical arteriovenous abnormalities in
HCs. In venous PT patients, head CTA/V and DSA were used to
assess intracranial and cervical arteries and veins. CTV was used
to assess the severity of TSS in venous PT patients. Based on the
improvement of the method proposed by Farb et al. (2003), the
TSS in venous PT patients was assessed by dividing the cross-
sectional area of the most stenotic segment of the transverse sinus
by that of the distal superior sagittal sinus (Figure 1). The left
and right transverse sinuses were independently divided into 0–4
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grades as follows: grade 0, discontinuity (gap); grade 1, hypoplasia
or severe stenosis (<25%); grade 2, moderate stenosis (25–50%);
grade 3, mild stenosis (50–75%); and grade 4, normal (>75%).
This method calculates the combined conduit score (CCS) as the
sum of right and left scores, which can be used to reflect the
overall venous drainage. Normally, the left and right transverse
sinuses would reveal a score of 4, and the final CCS would show
a score of 8. A transverse sinus is characterized as dominant if
its largest cross-sectional area is greater than 150% of that of the
smaller side (Li et al., 2021).

All the participants had undergone brain structure and
perfusion scans using a GE 3.0T MRI unit (Discovery MR750W;
GE, Milwaukee, WI, United States) using an eight-channel
phased-array head coil. The structural images included a 3D
T1-brain volume (T1-BRAVO) sequence [TR/TE/inversion time
(TI), 8.4/3.2/450 ms; slice thickness, 1 mm without gap; FA, 12◦;
196 slices], T2-weighted imaging (T2WI: TR/TE, 5,637/130 ms;
slice thickness, 6 mm; gap: 7 mm; 20 slices), T2 fluid attenuated
inversion recovery (T2 FLAIR: TR/TE/TI, 8,400/88/2,404 ms;
slice thickness, 6 mm; gap, 7 mm; FA, 160◦; 20 slices) and
diffusion-weighted imaging (DWI: TR/TE, 4,880/79 ms; slice
thickness, 6 mm; gap, 7 mm; b value: 0, 1,000 s/mm2; FA,
90◦; 20 slices). The perfusion images were acquired using a 3D
pseudocontinuous ASL sequence with fast spin-echo acquisition
(TR/TE, 4,854/10.7 ms; slice thickness, 4 mm, no gap; number of
excitations, 3; postlabel delay, 2,025 ms; FOV, 240 mm × 240 mm;
in-plane resolution, 3.37 mm × 3.37 mm; FA, 111◦; 36 slices).
During the imaging process, the participants were instructed to
close their eyes, move as little as possible, stay awake and think of
nothing. Earplugs were provided to reduce noise.

Cerebral Blood Flow Calculation
Using a single compartment model, the ASL difference images
were calculated after subtracting the label images from the control
images. Next, we obtained the cerebral blood flow (CBF) maps
from the ASL difference images. The preprocessing of the CBF
images was as follows. Statistical Parametric Mapping (SPM8)
software was used to normalize the CBF maps to the Montreal
Neurological Institute (MNI) space (Zhuo et al., 2017; Guo
et al., 2018). Specifically, the CBF images of all the HCs were
coregistered to a PET perfusion template in the MNI space to
obtain a standard CBF template. We coregistered the CBF images
of all HCs and PT patients to this standard CBF template and
resampled the data to 2 × 2 × 2 mm. In the data processing
and analysis of brain imaging (DPABI) software package, the CBF
values (ml/100 g/min) of the gray matter (GM), WM and whole
brain in each participant were extracted using specific GM, WM
and whole brain masks, respectively.

White Matter Change Evaluation
All the participants had undergone brain structure scans. Based
on previous studies (Bai et al., 2019; Zhou et al., 2019), the
WM change was defined as bilaterally symmetrical cloud-
like hyperintensity in the bilateral centrum semiovale and/or
periventricular area on the T2 FLAIR sequence and was evaluated
by three neuroradiologists (with 6, 8, and 12 years of experience)

blinded to the clinical data. Inconsistent cases reached a
consensus through consultation.

Statistical Analysis
Statistical analysis was performed using SPSS software, version
22.0 (IBM, Chicago, IL). Fisher’s exact test and two-sample
t-test were used to explore the differences in the clinical and
demographic data between the venous PT patients and HCs.
To compare CBF among the three groups, one-way analysis of
variance (Bonferroni correction) was used. Chi-squared test was
used to compare the difference in the incidence of cloud-like WM
hyperintensity among the three groups (Bonferroni correction).

RESULTS

Demographic and Clinical
Characteristics
Two venous PT patients without TSS and ten HCs with TSS were
excluded. Fifty-three patients and 40 HCs were enrolled in this
study. The prevalence of TSS was 96.4% in venous PT patients
and 20% in HCs. All the patients had unilateral PT, 16 cases on
the left and 37 cases on the right. The mean PT duration was
28.0 ± 23.8 months, and the mean THI score was 50.8 ± 22.2. The
patients and HCs were well matched for age (two-sample t-test,
P = 0.100), gender (Fisher’s exact test, P = 1.000) and body mass
index (two-sample t-test, P = 0.416) (Table 1).

Radiological Evaluation
No obvious abnormalities were found in the intracranial arteries
and cervical arteriovenous systems of all the participants. The
dominance of the transverse sinus in 44 patients was on
the symptomatic side, and 9 patients had codominance. Most
patients (46/53) had varying degrees of bilateral TSS. The
remaining 7 patients had TSS on the PT side and dysplasia of
the transverse sinus on the asymptomatic side. Because all the
patients had different degrees of unilateral/bilateral TSS, the CCS

TABLE 1 | Characteristics of the venous PT patients and HCs.

PT (n = 53) HC (n = 40) P

Age (year) 35.5 ± 7.0 37.9 ± 6.7 0.100a

Gender (male/female) 5/48 3/37 1.000b

BMI 23.0 ± 2.5 22.6 ± 2.0 0.416a

Side (left/right) 16/37

PT duration (months) 28.0 ± 23.8

THI score 50.8 ± 22.2

TSS degree High-degree Low-degree

CCS 1–2 score 3–4 score

Number 30 23

The data are presented as mean ± standard deviation.
PT, pulsatile tinnitus; HC, healthy control; BMI, body mass index; THI, Tinnitus
Handicap Inventory; CCS, combined conduit score; TSS, transverse sinus
stenosis.
aTwo-sample t-test.
bFisher’s exact test.
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FIGURE 1 | Examples of radiological evaluation in a venous PT patient with TSS and a healthy control. CTV (A) showed bilateral TSS in the venous PT patient (white
arrow). The cross-sectional area of the distal superior sagittal sinus (B) and TSS (C) were measured perpendicular to the venous sinus. MRV (D) showed no TSS in
the healthy control. TSS: transverse sinus stenosis.

ranged from 1 to 4 in all the patients. Based on the CCS, the
venous PT patients were divided into a high-degree TSS group
(a score of 1–2) (n = 30) and a low-degree TSS group (a score of
3–4) (n = 23) (Table 1). MRV revealed no incidental TSS in the
HCs (Figure 1).

Cerebral Blood Flow Differences Among
the Groups
The CBF values of patients with high-degree and low-degree
TSS and HCs are exhibited in Table 2. Significant differences
were found in the CBF value of the whole brain, GM and WM
among the three groups (whole brain: P = 0.001; GM: P = 0.002;
WM: P = 0.005). In the whole brain and GM, the patients with
high-degree TSS showed significantly decreased CBF compared
with the HCs (whole brain: 45.68 ± 5.58 ml/100 g/min
vs. 51.58 ± 7.29 ml/100 g/min, P = 0.001; GM:
49.08 ± 6.26 ml/100 g/min vs. 55.03 ± 7.91 ml/100 g/min,
P = 0.002); the patients with high-degree TSS exhibited
significantly decreased CBF relative to compared with those with
low-degree TSS (whole brain: 45.68 ± 5.58 ml/100 g/min
vs. 50.30 ± 6.03 ml/100 g/min, P = 0.036; GM:
49.08 ± 6.26 ml/100 g/min vs. 54.04 ± 6.45 ml/100 g/min,
P = 0.039); no significant difference in CBF was found in patients
with low-degree TSS and HCs (P > 0.05). In the WM region, the
patients with high-degree TSS exhibited significantly decreased
CBF compared with that in the HCs (38.80 ± 3.90 ml/100 g/min
vs. 42.83 ± 6.03 ml/100 g/min, P = 0.004).

White Matter Change
Cloud-like WM hyperintensity on the T2 FLAIR sequence was
observed in 17 of 30 patients with high-degree TSS (56.7%) and

13 of 23 patients with low-degree TSS (56.5%). The incidence of
WM change was significantly higher in the above two patient
groups than in the HC group (9 of 40; 22.5%; P < 0.05)
(Figure 2).

DISCUSSION

In this study, we investigated brain perfusion and WM
changes in venous PT patients with TSS. The results indicated
that as the severity of TSS increased and overall venous
drainage concomitantly decreased, the CBF values of the
GM, WM and whole brain were significantly decreased.
Additionally, the incidence of cloud-like WM hyperintensity was
significantly higher in patients with TSS than in HCs. These
findings confirm that TSS in venous PT patients may lead to
pathological brain changes.

TABLE 2 | CBF measurement among the three groups.

High-degree TSS Low-degree TSS HC Pa

Whole brain CBF
(ml/100 g/min)

45.68 ± 5.58 50.30 ± 6.03 51.58 ± 7.29 0.001

GM CBF
(ml/100 g/min)

49.08 ± 6.26 54.04 ± 6.45 55.03 ± 7.91 0.002

WM CBF
(ml/100 g/min)

38.80 ± 3.90 41.97 ± 4.62 42.83 ± 6.03 0.005

The data are presented as mean ± standard deviation.
TSS, Transverse sinus stenosis; GM, gray matter; WM, white matter; HC, healthy
control; CBF, cerebral blood flow.
aOne-way analysis of variance.
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FIGURE 2 | Comparison of the MRI findings between a 33-year-old female patient with TSS (A) and a 42-year-old female healthy control (B). Venous PT patient with
TSS: T2 FLAIR (A) shows symmetrical cloud-like WM hyperintensity in the bilateral periventricular area (white arrow) that was absent in the healthy control (B). PT,
pulsatile tinnitus; TSS, transverse sinus stenosis; FLAIR, fluid attenuated inversion recovery; WM, white matter.

Venous PT is related to abnormal hemodynamics caused
by different morphological changes (Li et al., 2021), including
TSS, sigmoid sinus dehiscence with and without diverticulum,
and jugular bulb abnormality (Dong et al., 2015; Kao et al.,
2017; Hewes et al., 2020). TSS is one of the most common
morphological abnormalities of venous PT and a cause of venous
PT. Hewes et al. (2020) found that 84.6% of these patients had
different degrees of bilateral TSS. After stent placement, the blood
flow pattern became more regular (Han et al., 2017) and the PT
disappeared immediately (Baomin et al., 2014). Therefore, TSS
plays an essential role in the pathophysiology of venous PT.

Previous studies have reported decreased brain perfusion in
patients with extracranial venous drainage disorder (Garaci et al.,
2012; Zhou et al., 2019). Moreover, after stent placement or
surgical restoration, brain hypoperfusion significantly improved
or even disappeared (Zamboni et al., 2016; Zhou et al.,
2019). Regarding pathophysiological mechanism, Zhou et al.
(2019) believed that cerebral venous outflow disorder may
contribute to increased intracranial venous pressure and that
long-term venous hypertension reduces brain perfusion and
disruption of the intracranial microvasculature. However, the
above studies all used invasive examination including single-
photon emission computed tomography (SPECT) and dynamic
susceptibility contrast (DSC) MRI. Furthermore, these studies
used semiquantitative or region-of-interest-based methods to
assess CBF; these methods do not provide an accurate and
comprehensive reflection of brain perfusion status. In this study,
we used the ASL technique to non-invasively and quantitatively
evaluate the CBF of the GM, WM and whole brain. Compared
with HCs, patients with high-degree TSS showed significantly
decreased CBF in the GM, WM and whole brain, demonstrating

that TSS can lead to decreased brain perfusion. We also found
that the patients with high-degree TSS showed significantly
decreased CBF in whole brain and GM compared with the
patients with low-degree TSS, and no significant difference
was found between the patients with low-degree TSS and
the HCs. This finding indicates that only a certain degree of
TSS can lead to a significant decrease in brain perfusion. In
contrast to the whole brain and GM, no significant difference
was found in WM CBF between the patients with low-degree
and high-degree TSS. Because the CBF of WM is significantly
lower than that of GM under physiological conditions (Puig
et al., 2020), we speculate that, in the two PT subgroups, the
difference in WM CBF caused by TSS was too small to reach a
statistical level.

Previous studies have mainly focused on the effects of aging
and arterial diseases including cerebral small vessel disease,
large vessel occlusion or stenosis on the WM (Lamar et al.,
2010; Fennema-Notestine et al., 2016; Wang et al., 2016; Mistry
et al., 2020). Chung et al. (2011) found that more severe
age-related WM changes were observed in subjects with IJV
reflux. This finding links WM changes with cerebral venous
outflow disorder. Subsequently, their study further revealed that
compared with patients with negative IJV reflux, the WM changes
in Alzheimer’s disease (AD) patients with positive IJV reflux
showed an increasing trend, indicating that cerebral venous
outflow disorder may be involved in forming WM changes in
AD patients (Chung et al., 2014). Zhou et al. (2019) found that
95.3% of patients with symptomatic IJV stenosis had bilateral
symmetrical cloud-like WM hyperintensity. Bai et al. (2019)
further found that cloud-like WM hyperintensity is a common
feature of patients with IJV stenosis and patients with TSS.
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However, the above two studies did not include a control group
for comparative analysis. In the present study, we found that
the incidence of cloud-like WM hyperintensity is significantly
higher in patients with TSS than in HCs. In contrast to the
previous study, the participants in this study were relatively
young (venous PT patients: 35.5 ± 7.0 years; HCs: 37.9 ± 6.7
years) and had no history of AD or arterial diseases. Currently,
the underlying mechanism of the formation of cloud-like WM
hyperintensity remains unclear. Zhou et al. (2019) believed that
decreased brain perfusion was usually related to the formation
of white matter lesions, particularly deep white matter lesions.
We speculate that the relationships among decreased CBF, cloud-
like WM hyperintensity, and TSS are as follows: TSS may inhibit
the outflow of deoxyhemoglobin-rich venous blood and flow
of hemoglobin-rich arterial blood into capillaries. These effects
may affect the oxygen exchange between blood and brain tissues,
resulting in decreased CBF using the ASL technique; long-term
ischemia and hypoxia may lead to the demyelination of WM (Bai
et al., 2019; Zhou et al., 2019).

In this study, we used the ASL technique, which uses
arterial blood water as endogenous tracer (Binnewijzend et al.,
2013), to non-invasively and quantitatively measure CBF. In
contrast to traditional perfusion imaging techniques such as
SPECT, dynamic contrast-enhanced MRI and DSC MRI, ASL
can be used to perform repeated studies on subjects because
of the lack of radioactivity and the non-use of exogenous
contrast agents. This technique has been widely used in brain
tumors, epilepsy, neurodegenerative and cerebrovascular diseases
(Haller et al., 2016; Delgado et al., 2018; Barzgari et al., 2019)
and provides valuable information for clinicians. Currently,
the treatment principle for venous PT with TSS is based on
eliminating PT without evaluating the brain perfusion and WM
changes. Therefore, the decision to perform sigmoid sinus wall
reconstruction or stent implantation does not depend on the
presence or absence of brain change. In this study, however,
decreased CBF and cloud-like WM hyperintensity in venous
PT patients with TSS deserve more attention from clinicians.
Appropriate and early intervention may help improve the
neuropathological progress of patients.

This study has several limitations. First, because of the limited
sample size, the effect of gender on CBF was not investigated.
More venous PT patients will be included and grouped by
gender. Second, previous studies have found that venous PT
and idiopathic intracranial hypertension overlap in demography
(Lansley et al., 2017; Hewes et al., 2020), that is, idiopathic
intracranial hypertension may be present in venous PT patients.
Idiopathic intracranial hypertension may affect brain perfusion
(Bicakci et al., 2006). In this study, all the patients had no
clinical symptoms of idiopathic intracranial hypertension; thus,
lumbar puncture was not performed. Third, other comorbidities,
such as diabetes and hypertension, can cause WM signal change
(Fennema-Notestine et al., 2016). All the subjects in this study

were young and middle-aged (patients: 35.5 ± 7.0 years; HCs:
37.9 ± 6.7 years), and none had systemic diseases such as
hypertension, hyperlipidemia, and diabetes. Additionally, this is a
cross-sectional study. We will enroll patients after the resolution
of TSS and evaluate their neuroimaging characteristics to further
verify the influence of TSS on the central nervous system.

CONCLUSION

In summary, we found that TSS in venous PT patients can
lead to decreased CBF and cloud-like WM hyperintensity. These
representative neuroimaging findings may help understand the
pathological TSS in venous PT.
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Background: Accumulating lines of evidence demonstrated that diabetic retinopathy
(DR) patients trigger abnormalities in brain’s functional connectivity (FC), whereas
the alterations of interhemispheric coordination pattern occurring in DR are not well
understood. Our study was to investigate alterations of interhemispheric coordination in
DR patients.

Methods: Thirty-four DR individuals (19 males and 15 females: mean age:
52.97 ± 8.35 years) and 37 healthy controls (HCs) (16 males and 21 females; mean
age: 53.78 ± 7.24 years) were enrolled in the study. The voxel-mirrored homotopic
connectivity (VMHC) method was conducted to investigate the different interhemispheric
FC between two groups. Then, the seed-based FC method was applied to assess
the different FCs with region of interest (ROI) in the brain regions of decreased VMHC
between two groups.

Results: Compared with HC groups, DR groups showed decreased VMHC values
in the bilateral middle temporal gyrus (MTG), lingual/calcarine/middle occipital gyrus
(LING/CAL/MOG), superior temporal gyrus (STG), angular (ANG), postcentral gyrus
(PosCG), inferior parietal lobule (IPL), and precentral gyrus (PreCG). Meanwhile, altered
FC includes the regions of auditory network, visual network, default mode network,
salience network, and sensorimotor network. Moreover, a significant positive correlation
was observed between the visual acuity-oculus dexter (OD) and zVMHC values in the
bilateral LING/CAL/MOG (r = 0.551, p = 0.001), STG (r = 0.426, p = 0.012), PosCG
(r = 0.494, p = 0.003), and IPL (r = 0.459, p = 0.006) in DR patients.

Conclusion: Our results highlighted that DR patients were associated with substantial
impairment of interhemispheric coordination in auditory network, visual network, default
mode network, and sensorimotor network. The VMHC might be a promising therapeutic
target in the intervention of brain functional dysfunction in DR patients.

Keywords: diabetic retinopathy, voxel-mirrored homotopic connectivity, functional magnetic resonance imaging,
functional network, functional connectivity
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INTRODUCTION

Diabetic retinopathy (DR) is a serious diabetic-related retinal
disease (Zhang et al., 2010). The prevalence of DR is 34.6%
among diabetes patients worldwide (Yau et al., 2012). The
main pathophysiological mechanisms and clinical features
of DR are retinal microangiopathy and vision loss. Retinal
neurodegeneration is an important pathogenesis of DR and is
characterized by glial cell activation and neuronal apoptosis.
Furthermore, DR patients were accompanied by cognitive
decline. Recently, growing lines of evidence demonstrated that
DR is associated with an increased risk of stroke (Hagg et al.,
2013; Wong et al., 2020). Accumulating studies demonstrated
that DR is closely related to the occurrence of neurodegenerative
diseases (Lynch and Abramoff, 2017; Sundstrom et al., 2018).
DR patients are at a high risk for neurodegenerative disorder.
However, the exact neural mechanisms of neurodegenerative
disorder in DR patients remain unclear.

The functional magnetic resonance imaging method provides
a new opportunity for non-invasive research on functional and
structural changes of brain in vivo. Qi et al. (2020) demonstrated
that DR had significantly altered brain neural activity changes in
the middle occipital gyrus, the left cerebellum, the left inferior
temporal gyrus, and the left hippocampus. Dai et al. (2017)
reported that DR patients had abnormal functional connectivity
(FC) within visual and cognition networks. Meanwhile, Yu
et al. (2020) found that the DR group showed different FCs
between the V1 and visual-related brain regions. Moreover,
Huang et al. (2019) reported that the DR group showed
reduction in the efficiency of functional brain network, relative
to the healthy control (HC) group. Thus, existing studies are
mainly focused on local brain activity and FC in DR patients.
The functional architecture of interhemispheric changes in DR
patients remains unknown.

Functional homotopy is a basic principle of the brain’s
intrinsic functional architecture (Biswal et al., 1995). The

consistency of interhemispheric FC is closely related to a variety
of neurophysiological function. The corpus callosum plays an
important role in the interhemispheric FC, and the corpus
callosum dysfunction might lead to impaired interhemispheric
coordination within large-scale brain networks (Roland et al.,
2017; Bartha-Doering et al., 2021). Recently, the voxel-mirrored
homotopic connectivity (VMHC) method quantified the resting-
state FC between hemispheres to reflect the interhemispheric
coordination pattern. Prior neuroimaging studies revealed that
diabetes patients showed abnormal interhemispheric FC, which
is closely related to cognitive impairment. Cui et al. (2021)
reported that diabetes patients had decreased interhemispheric
FC between bilateral lingual gyrus and sensorimotor cortex.
Zhang et al. (2021) also found that decreased VMHC values
within the default mode network and middle temporal gyrus
(MTG) might serve as a sensitive biomarker for cognitive
decline. The VMHC method has been successfully applied to
investigate the interhemispheric FC changes in anisometropic
and strabismic amblyopia (Liang et al., 2017), Alzheimer’s disease
(Wang et al., 2015), and alcohol dependence (Guo et al., 2019).
DR is a serious complication of diabetes. Thus, the DR patients
may be associated with different VMHC patterns from diabetes

TABLE 1 | Behavioral data between two groups.

DR group HC group t-values p-values

Gender (male/female) 19/15 16/21 N/A N/A

Age (years) 52.97 ± 8.35 53.78 ± 7.24 −0.412 0.681

Duration of diabetes (years) 10.44 ± 6.03 N/A N/A N/A

BCVA-OD 0.47 ± 0.27 1.23 ± 0.23 −12.593 <0.001

BCVA-OS 0.44 ± 0.31 1.22 ± 0.23 −12.121 <0.001

HbA1c (%) 7.69 ± 2.44 N/A N/A N/A

Behavioral data (means ± SD). DR, diabetic retinopathy; HC, healthy control; N/A,
not applicable; BCVA, best corrected visual acuity; OD, oculus dexter; OS, oculus
sinister; Hb, glycosylated hemoglobin.

FIGURE 1 | Spatial patterns of VMHC at the group mean level of the DR (A) and HC (B) groups. VMHC, voxel-mirrored homotopic connectivity; DR, diabetic
retinopathy; HC, health controls.
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patients without retinopathy. We hypothesized that DR patients
may lead to interhemispheric FC changes within cognition-
related brain region.

Based on the above assumptions, our study aimed to
determine whether DR patients were associated with abnormal
interhemispheric FC. Moreover, the seed-based FC method was
used to assess the FC between the seed regions (brain regions
of different VMHC values between two groups) and whole
brain. Our results might shed new light on underlying neural
mechanisms of cognitive decline in DR patients.

MATERIALS AND METHODS

Subjects
Thirty-four DR individuals (19 males and 15 females: mean age:
52.97 ± 8.35 years) and 37 HCs (16 males and 21 females; mean

age: 53.78 ± 7.24 years) matched for age, sex, and education
participated in the study.

The inclusion criteria of DR patients were as follows (Zhang
et al., 2010): fasting plasma glucose ≥7.0 mmol/L, random plasma
glucose ≥11.1 mmol/L, or 2-h glucose ≥11.1 mmol/L (Yau et al.,
2012); the DR patients showed microaneurysms, hard exudates,
and retinal hemorrhages.

All HCs met the following criteria (Zhang et al., 2010):
fasting plasma glucose <7.0 mmol/L, random plasma
glucose <11.1 mmol/L, and HbA1c <6.5% (Yau et al.,
2012); no ocular diseases (Wong et al., 2020); binocular
visual acuity ≥1.0; and (Hagg et al., 2013) no ocular
surgical history.

MRI Parameters
MRI scanning was performed on a 3-T MR scanner
(Discovery MR 750W system; GE Healthcare, Milwaukee,

FIGURE 2 | Significant zVMHC maps differences between two groups (A,B). The mean values of altered VMHC values between two groups (C). VMHC,
voxel-mirrored homotopic connectivity; DR, diabetic retinopathy; HCs, healthy controls; L, left hemisphere; R, right hemisphere; BA, Brodmann’s area. MTG, middle
temporal gyrus; LING/CAL/MOG, lingual/calcarine/middle occipital gyrus; STG, superior temporal gyrus; ANG, angular; PosCG, postcentral gyrus; IPL, inferior
parietal lobule; PreCG, precentral gyrus.
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WI, United States) with an eight-channel head coil. The
T1 images have the following parameters: repetition
time = 8.5 ms, echo time = 3.3 ms, thickness = 1.0 mm,
gap = 0 mm, acquisition matrix = 256 × 256, field of
view = 240 mm × 240 mm, and flip angle = 12◦; functional images
have the following parameters: repetition time = 2,000 ms, echo
time = 25 ms, thickness = 3.0 mm, gap = 1.2 mm, acquisition
matrix = 64 × 64, field of view = 240 mm × 240 mm, flip
angle = 90◦, voxel size = 3.6 mm × 3.6 mm × 3.6 mm, and
35 axial slices.

fMRI Scanning Steps
All subjects were asked to keep in the supine position
and lay still, close their eyes without moving and
falling asleep, and not to think of anything in particular
during MRI scanning (Zhang et al., 2010; Yau et al.,
2012). Before MRI scanning, we would tell the whole
experimental process in detail to all subjects (Wong
et al., 2020). To avoid noise, the subjects wore earplugs
during MRI scanning.

fMRI Data Preprocessing
The preprocessing of fMRI data was performed with the
toolbox for Data Processing & Analysis of Brain Imaging
(DPABI1) (Yan et al., 2016) with the following steps (Zhang
et al., 2010): The whole BOLD pictures of each subjects
were removed first 10 points picture and then the remained
BOLD picture were slice timing, motion corrected and
realigned (Yau et al., 2012); normalized data [in Montreal
Neurological Institute (MNI) 152 space] were re-sliced
(Wong et al., 2020); regress out several covariates [Friston
24-Parameter Model (Friston et al., 1996) includes six head
motion parameters, mean framewise displacement (FD),
and global brain signal] (Hagg et al., 2013); data with
linear trend were removed, and temporal band pass was
filtered (0.01–0.1 Hz).

1http://www.rfmri.org/dpabi

TABLE 2 | Significant difference in VMHC between two groups.

Condition/brain
regions

BA Peak
t-scores

MNI coordinates
(x, y, z)

Cluster size
(voxels)

DR < HC

MTG 21 −5.141 ±54, 0, −21 50

LING/CAL/MOG 18,19 −5.596 ±9, −54, 3 1,144

STG 21 −4.643 ±60, −9, −9 300

ANG 39 −4.635 ±51, −54, 27 95

PosCG 3 −4.140 ±45, −15, 39 130

IPL 40 −4.780 ±51, −48, 54 312

PreCG 4 −3.683 ±21, −30, 72 43

t: statistical value of peak voxels indicating different VMHC values. VMHC, voxel-
mirrored homotopic connectivity; DR, diabetic retinopathy; HCs, healthy controls;
MNI, Montreal Neurological Institute; BA, Brodmann’s area; MTG, middle temporal
gyrus; LING/CAL/MOG, lingual/calcarine/middle occipital gyrus; STG, superior
temporal gyrus; ANG, angular; PosCG, postcentral gyrus; IPL, inferior parietal
lobule; PreCG, precentral gyrus.

Voxel-Mirrored Homotopic Connectivity
Analysis
According to a previous study (Zuo et al., 2010), VMHC
was performed using the DPABI toolkit. The VMHC
values were computed as the Pearson correlation between
every pair of mirrored interhemispheric voxels’ time
series. All VMHC maps were z-transformed with Fisher’s
r-to-z transformation.

Resting State Functional Connectivity
Analysis
After fMRI data were normalized, the fMRI map was smoothed
with a 6-mm full-width-half-maximum Gaussian kernel, several
covariates were regressed out, and temporal band pass was
filtered (0.01–0.1 Hz). The brain regions of different VMHC
values were defined as regions of interest (ROIs). Then, the

TABLE 3 | Significant difference in FC between two groups in the
seed-based analysis.

Seeds Brain
regions

BA Peak
t-scores

MNI coordinates
(x, y, z)

Cluster size
(voxels)

R-MTG L-MTG 21 −5.6356 −54, 0, −21 335

L-MTG R-MTG 21 −5.9625 54, 0, −21 355

R-LING/CAL/
MOG

R-CER – 4.1144 39, −63, −21 275

L-PUT – 3.744 −21, 15, −6 96

L-CAL 18 −5.6603 −9, −54, 3 466

R-CAU – 5.2546 12, 6, 6 224

L-LING/CAL/
MOG

B-LING 18 −5.1924 9, −54, 3 599

R-STG L-MTG 21 −3.8746 −63, −6, −12 163

L-STG R-TPOsup 38 −4.6008 48, 9, −21 286

L-PreCG 3 4.2574 −42, −6, 27 96

L-INS – 3.7065 −30, 12, 0 65

R-ANG R-ROL – 4.1664 60, −3, 12 616

R-IPL 7 4.5064 18, −45, 51 270

R-PosCG L-THA – 4.5859 −6, −6, 0 507

L-PosCG 4 −5.3769 −57, −15, 18 1,149

R-PCUN 7 4.4313 15, −63, 42 1,445

L-PosCG R-LING 18 −3.3128 9, −75, −3 154

L-ROL – −3.6437 −48, 0, 12 70

L-PosCG 4 −3.8548 −57, −9, 18 187

R-CUN 19 −3.9295 9, −87, 30 138

R-PreCG 3 −4.9488 48, −12, 45 481

L-PCC – 3.8502 −3, −45, 24 348

R-IPL R-PosCG 4 4.3822 30, −21, 21 313

L-IPL L-IFGtriang – −4.3103 −33, 24, 27 517

R-PreCG L-MTG 41 −3.7637 −51, −18, −3 297

t: statistical value of peak voxels indicating different FC values. VMHC, voxel-
mirrored homotopic connectivity; DR, diabetic retinopathy; HCs, healthy controls;
MNI, Montreal Neurological Institute; BA, Brodmann’s area; MTG, middle temporal
gyrus; LING/CAL/MOG, lingual/calcarine/middle occipital gyrus; STG, superior
temporal gyrus; ANG, angular; PosCG, postcentral gyrus; IPL, inferior parietal
lobule; PreCG, precentral gyrus; CER, cerebellum_Crus1; PUT, putamen; CAU,
caudate; TPOsup, temporal pole (superior); INS, insula; ROL, rolandic operculum;
THA, thalamus; PCUN, precuneus; CUN, cuneus; IFGtriang, inferior frontal gyrus
(triangular); L, left; R, right; B, bilateral.
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FIGURE 3 | Significant zFC map differences seeded as ROI in different VMHC regions between two groups. Significant different FC values ROI in R-MTG (A), L-MTG
(B), R-LING/CAL/MOG (C), R-LING/CAL/MOG (D), R-STG (E), L-STG (F), R-ANG (G), R-PosCG (H), L-PosCG (I), R-IPL (J), L-IPL (K), and R-PreCG (L). VMHC,
voxel-mirrored homotopic connectivity; ROI, region of interest; FC, functional connectivity; DR, diabetic retinopathy; HCs, healthy controls; MTG, middle temporal
gyrus; LING/CAL/MOG, lingual/calcarine/middle occipital gyrus; STG, superior temporal gyrus; ANG, angular; PosCG, postcentral gyrus; IPL, inferior parietal lobule;
PreCG, precentral gyrus.

resting state functional connectivity (RSFC) method was applied
to assess the FC between the seed regions and whole brain
to obtain FC maps.

Statistical Analysis
The χ2 test and independent-samples t-test were applied to
compare behavioral data between two groups.

One-sample t-test was conducted to assess intra-group
patterns of zVMHC maps between two groups. Two-sample
t-tests were conducted to assess different zVMHC and zFC
between two groups (two-tailed, voxel-wise p< 0.01, GRF theory
connected, cluster level, p < 0.05).

Pearson correlation was performed to investigate the
relationship between the zVMHC values and clinical
variables in DR groups.

RESULTS

Behavioral Data Comparison
We found the significant difference in best corrected visual
acuity (BCVA)-oculus dexter (OD) (p< 0.001) and BCVA-oculus

sinister (OS) (p < 0.001) between two groups. More details are
shown in Table 1.

Voxel-Mirrored Homotopic Connectivity
Differences
Similar spatial patterns of VMHC were found between
two groups (Figure 1). Compared with HC groups,

TABLE 4 | Receiver operating characteristic curve analysis.

Condition/brain regions AUC p-values 95% CI

DR < HC MTG 0.913 p < 0.001 0.850–0.976

DR < HC LING/CAL/MOG 0.895 p < 0.001 0.821–0.969

DR < HC STG 0.952 p < 0.001 0.906–0.998

DR < HC ANG 0.888 p < 0.001 0.806–0.969

DR < HC PosCG 0.837 p < 0.001 0.746–0.927

DR < HC IPL 0.942 p < 0.001 0.893–0.991

DR < HC PreCG 0.799 p < 0.001 0.697–0.902

ROC, receiver operating characteristic; CI, confidence interval; AUC, area under
the curve; MTG, middle temporal gyrus; LING/CAL/MOG, lingual/calcarine/middle
occipital gyrus; STG, superior temporal gyrus; ANG, angular; PosCG, postcentral
gyrus; IPL, inferior parietal lobule; PreCG, precentral gyrus.
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DR groups showed decreased VMHC values in the
bilateral MTG, lingual/calcarine/middle occipital gyrus
(LING/CAL/MOG), superior temporal gyrus (STG),
angular (ANG), postcentral gyrus (PosCG), inferior parietal
lobule (IPL), and precentral gyrus (PreCG) (Figure 2 and
Table 2).

Seed-Based Functional Connectivity
Differences
We investigated resting-state FC seeded as 14 ROIs (seven
per hemisphere) with lower VMHC values between two
groups (Table 3). This region of altered FC includes the
regions of auditory network (MTG and STG), visual network
(LING/CAL/MOG), default mode network (ANG and IPL),
salience network (insula), and sensorimotor network (PosCG and
PreCG) (Figure 3).

Receiver Operating Characteristic Curve
The area under curve (AUC) for zVMHC was as follows:
DR < HC, for MTG, 0.913; for LING/CAL/MOG, 0.895; for STG,
0.952; for ANG, 0.888; for PosCG, 0.837; for IPL, 0.942; and for
PreCG, 0.799 (Table 4 and Figure 4).

Pearson Correlation Analysis
A significant positive correlation was found between the visual
acuity-OD and zVMHC values in the bilateral LING/CAL/MOG
(r = 0.551, p = 0.001), STG (r = 0.426, p = 0.012), PosCG
(r = 0.494, p = 0.003), and IPL (r = 0.459, p = 0.006) in DR
patients (Figure 5).

DISCUSSION

The VMHC method is a sensitive and high-resolution resting-
state fMRI technology, which is applied to assess the FC
between two cerebral hemispheres. In our study, we found
that DR patients had decreased interhemispheric FC within
auditory network, visual network, default mode network, and
sensorimotor network. A significant positive correlation was
observed between the visual acuity-OD and zVMHC values in the
bilateral LING/CAL/MOG (r = 0.551, p = 0.001), STG (r = 0.426,
p = 0.012), PosCG (r = 0.494, p = 0.003), and IPL (r = 0.459,
p = 0.006) in DR patients.

We found that DR groups showed decreased VMHC values in
the LING/CAL/MOG, which was located in the visual network.

FIGURE 4 | Receiver operating characteristic curve analysis of the mean zVMHC. ROC curve in zVMHC: DR < HC; for MTG, 0.913 (p < 0.001; 95% CI:
0.850–0.976); for LING/CAL/MOG, 0.895; for STG, 0.952; for ANG, 0.888; for PosCG, 0.837; for IPL, 0.942; and for PreCG, 0.799. ROC, receiver operating
characteristic; AUC, area under the curve; VMHC, voxel-mirrored homotopic connectivity; DR, diabetic retinopathy; HCs, healthy controls; MTG, middle temporal
gyrus; LING/CAL/MOG, lingual/calcarine/middle occipital gyrus; STG, superior temporal gyrus; ANG, angular; PosCG, postcentral gyrus; IPL, inferior parietal lobule;
PreCG, precentral gyrus.
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FIGURE 5 | Correlation was found between the visual acuity-OD and zVMHC values in the bilateral LING/CAL/MOG (r = 0.551, p = 0.001), (A) STG (r = 0.426,
p = 0.012), (B) PosCG (r = 0.494, p = 0.003), (C) and IPL (r = 0.459, p = 0.006) (D) in DR patients. DR, diabetic retinopathy; VMHC, voxel-mirrored homotopic
connectivity; OD, oculus dexter; LING/CAL/MOG, lingual/calcarine/middle occipital gyrus; STG, superior temporal gyrus; PosCG, postcentral gyrus. IPL, inferior
parietal lobule.

The main pathological changes of DR include microaneurysms,
hemorrhages, hard exudates and macular edema, and even
vitreous hemorrhage and tractional retinal detachment in the
late stage. These pathological changes of the retina can lead
to vision loss. Meanwhile, DR not only causes retinal changes,
but also leads to structural and functional abnormalities in
visual pathways. Li Y. M. et al. (2018) demonstrated that DR
patients were accompanied by abnormal white matter integrity
in visual pathway. Qi et al. (2021) found that DR patients had
a significant lower FC within the visual cortex, relative to HC
group. Corduneanu et al. (2019) also reported that DR patients
had latency of waves on the visual evoked potential pathway
wave relative to the HC group. Moreover, Wang et al. (2017)

found that the increased apparent diffusion coefficient values
of the visual cortex were observed in patients with proliferative
and non-proliferative DR. With the support of these findings,
we also demonstrated that DR patients showed decreased
interhemispheric FC within the visual network, which might
reflect the impaired interhemispheric coordination in processing
of visual information in DR patients. We speculated that visual
loss might contribute to the reduced interhemispheric FC within
the visual network.

Another important finding is that DR patients had reduced
interhemispheric FC within the auditory network. Prior studies
demonstrated that diabetes patients were accompanied by
hearing impairment. Li J. et al. (2018) reported that diabetes
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patients had bilateral sensorineural hearing loss, especially at
high frequencies. AlJasser et al. (2020) also found that the
T1DM group showed significantly reduced frequency-following
response to both temporal envelope and temporal fine structure.
Braite et al. (2019) reported that T1DM patients were associated
with auditory efferent pathway dysfunction. Meanwhile, Willette
et al. (2013) found that diabetes patients showed medial temporal
lobe atrophy and decreased white matter in the left temporal
lobe (Northam et al., 2009). Chen et al. (2012) demonstrated
that T2DM patients were accompanied by gray matter atrophy
in the temporal gyri. With these findings, our study revealed that
DR patients had reduced interhemispheric FC within auditory
network, which might reflect the impaired auditory function in
DR patients. However, the exact neural mechanism of auditory
function dysfunction in DR patients remain unclear.

In addition, we found that DR patients had reduced
interhemispheric FC within the sensorimotor network. The
sensorimotor network plays an important role in motor
control and sensory function. Previous studies demonstrated
that diabetic peripheral neuropathy patients were associated
with sensorimotor dysfunction (Khan et al., 2020; Van
Eetvelde et al., 2020). Zhang et al. (2020) demonstrated
that diabetic peripheral neuropathy patients had abnormal
gray matter in pre- and PosCG relative to health controls.
Hansen et al. (2019) found that diabetes patients’ diabetes
had 9.3% lower ratio of N-acetyl aspartate/creatine (NAA/cre)
in the parietal region including the sensorimotor fiber tracts.
Meanwhile, van Duinkerken et al. (2017) also reported
that one diabetes mellitus patient had decreased FC within
the sensorimotor network. Thus, we also found that DR
patients had reduced interhemispheric FC within the
sensorimotor network, which might indicate the impaired
sensorimotor function.

We found that DR patients had widespread decreased
interhemispheric FC within the default mode network (DMN).
Previous neuroimaging studies demonstrated that diabetes
patients were associated with DMN dysfunction, which is closely
related with cognitive decline (Cui et al., 2015; Chen et al., 2016;
Yang et al., 2016; Tan et al., 2019). In our study, we found that DR
patients had widespread decreased interhemispheric FC within

the DMN, which reflect the interhemispheric FC dysfunction in
DMN functional communication.

Some limitations should be acknowledged in this study. First,
VMHC results based on blood oxygenation level-dependent
(BOLD) signals would still be affected by physiological noise.
Second, BOLD signals may be influenced by the subject’s
subjective thinking. We asked subjects not to think of anything
in particular during MRI scanning in the study. Third, the
exact neural mechanisms of interhemispheric FC dysfunction
are still unclear, and multimodal neuroimaging and machine
learning algorithms should be combined to evaluate the neural
mechanisms changes in DR patients in future studies.

In conclusion, our results highlighted that DR patients
are associated with substantial impairment of interhemispheric
coordination in auditory network, visual network, DMN, and
sensorimotor network. These findings shed a new light on the
neural mechanism of DR patients.
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Hearing and Speech-Language Sciences, Sun Yat-sen University, Guangzhou, China, 3School of Foreign Languages,
Shenzhen University, Shenzhen, China, 4Department of Hearing and Speech Science, Guangzhou Xinhua College,
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Objective: Vestibular migraine (VM) is one of the most common causes of recurrent
vertigo, but the neural mechanisms that mediate such symptoms remain unknown.
Since visual symptoms and photophobia are common clinical features of VM patients,
we hypothesized that VM patients have abnormally sensitive low-level visual processing
capabilities. This study aimed to investigate cortex abnormalities in VM patients using
visual evoked potential (VEP) and standardized low-resolution brain electromagnetic
tomography (sLORETA) analysis.

Methods: We employed visual stimuli consisting of reversing displays of circular
checkerboard patterns to examine “low-level” visual processes. Thirty-three females with
VM and 20 healthy control (HC) females underwent VEP testing. VEP components and
sLORETA were analyzed.

Results: Patients with VM showed significantly lower amplitude and decreased latency
of P1 activation compared with HC subjects. Further topographic mapping analysis
revealed a group difference in the occipital area around P1 latency. sLORETA analysis
was performed in the time frame of the P1 component and showed significantly less
activity (deactivation) in VM patients in the frontal, parietal, temporal, limbic, and occipital
lobes, as well as sub-lobar regions. The maximum current density difference was in
the postcentral gyrus of the parietal lobe. P1 source density differences between HC
subjects and VM patients overlapped with the vestibular cortical fields.

Conclusion: The significantly abnormal response to visual stimuli indicates altered
processing in VM patients. These findings suggest that abnormalities in vestibular cortical
fields might be a pathophysiological mechanism of VM.

Keywords: vestibular migraine, visual evoked potential, sLORETA, cortex abnormalities, neural mechanism
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INTRODUCTION

Vestibular migraine (VM) is one of the most common conditions
contributing to recurrent vertigo and afflicts up to 1% of the
whole population with female predominance (Russo et al., 2014).
Typical signs of VM include a heightened sensitivity to head
motion or visual stimuli, spatial misperceptions, and/or sudden
feelings of lopsidedness or tilt. These symptoms often severely
limit daily functioning in VM patients. Different from typically
brief migraine auras, VM symptoms can last from hours to
several days (Beh, 2019). Despite well-defined diagnostic criteria,
like those proposed by the Bárány Society and the Migraine
Classification Subcommittee of the International Headache
Society (Lempert et al., 2012), VM pathophysiology is still
unclear and remains controversial.While it is agreed that genetic,
epigenetic, and environmental factors are probably involved in
VM progression, there is an ongoing dispute concerning whether
its primary origin is central or peripheral (Espinosa-Sanchez and
Lopez-Escamez, 2015).

Modern neuroimaging methods have been used to observe
how neural pathways work in subjects with VM, with a
particular focus on the multisensory integration network.
Functional neuroimaging showed dysmodulation attributed
to vestibulo-thalamo-cortical dysfunction—the pathogenic
mechanism underlying VM—in the multimodal sensory
integration and processing of vestibular and nociceptive
information (Espinosa-Sanchez and Lopez-Escamez, 2015).
In 2016, Teggi et al. (2016) reported enhanced responses of
multimodal association brain areas [Brodmann area (BA)
40, BA 31/5] and reduced activation of occipital regions in
VM patients. In 2017, Messina et al. (2017) indicated that
unusual brain sensitization might result in dismodulation
of multimodal sensory integration and processing cortical
areas in VM patients. As visual symptoms and photophobia
are common clinical features of VM, we hypothesized that
patients with VM have abnormally sensitive low-level visual
processing capabilities. A primary approach to analyzing visual
processing integrity is the use of visual evoked potentials
(VEPs; Sulejmanpasic and Drnda, 2017). Most of the above
studies focused on brain activation using functional magnetic
resonance imaging with high spatial resolution but relatively
poor temporal resolution. We pay particular attention to the
temporal dimensions of these abnormalities, which seem crucial
to understanding functional brain changes in VM patients and
their clinical correlations. The temporal precision, low cost,
and noninvasiveness of VEP measurement make it particularly
well suited to study functional brain changes associated with
VM (de Tommaso et al., 2014). We specifically selected patients
between VM attacks because altered brain metabolism has
been found, and patients show activation of the bilateral
cerebellum and frontal cortices and deactivation of the bilateral
posterior parietal and occipitotemporal areas during VM attacks
(Shin et al., 2014).

Vestibular symptoms are also extremely common during the
interictal period (Beh et al., 2019), likely because vestibular-
sensitive neurons respond to a range of modalities (Grusser et al.,
1990a,b; Vuralli et al., 2018). No primary vestibular cortex has

been identified, and vestibular signals are generally conveyed
to the cerebral cortex (Guldin and Grusser, 1998; Vuralli et al.,
2018). Vestibular information processing involves polymodal
association areas in the parietal, temporal, and insular cortices
and cortical areas associated with spatial orientation (e.g.,
primary somatosensory cortex, primary visual cortex; Vuralli
et al., 2018).

The existing evidence suggests that the central nervous
system is altered in VM patients. The aim of the present study
was to compare VEP responses between patients with VM
patients and healthy control (HC) subjects.We hypothesized that
cortex responses activated by visual stimuli would be different
between groups. To test this hypothesis, we used parametrically
modulated reversing checkerboard images to examine how the
physical property of luminance affects early VEPs (i.e., initial
stages of visual processing that are strongly influenced by
physical stimulus properties). A previous study demonstrated
larger VEP responses for higher luminance levels in the visual
stimuli (Johannes et al., 1995), leading to our prediction of
parametric modulation of early VEP components as a function
of overall luminance in the checkerboard images. Moreover,
we expected a functional difference between VM patients and
HC subjects already at early processing levels in the visual
hierarchy. Thus, we applied electroencephalography (EEG)-
standardized low-resolution brain electromagnetic tomography
(sLORETA; Pascual-Marqui, 2002) to analyze cortex activity
in response to visual stimulation. We employed the VEP and
sLORETA differences between VM patients and HC subjects
to identify disordered cortical activities associated with VM.
We hypothesized that VM patients would show decreased
P1 amplitudes and lower P1 neural activities in VM-related brain
regions.

MATERIALS AND METHODS

Participants
Thirty-three female patients (30 without aura and three
with aura), diagnosed as typical VM according to previously
described criteria [Lempert et al., 2012; Headache Classification
Committee of the International Headache Society (IHS), 2013]
were prospectively recruited from the population seen at the
Department of Otolaryngology, Sun Yat-Sen Memorial Hospital,
Sun Yat-Sen University. All patients were clinically evaluated
and diagnosed by the same otolaryngologist after excluding
other etiologies which could cause recurrent vertigo attacks,
and all patients underwent VEP recordings on days 2–10 after
a VM attack, they were attack-free at least 12 h before and
after the recordings. Peripheral vestibular dysfunction was
found in 7 of 33 VM patients on videonystagmography (VNG)
recordings. Furthermore, they did not have any way to prevent
migraine, vertigo, or dizziness, and no topiramate, magnesium,
or other vestibular inhibitor drugs were allowed during the
preceding 1 month. Twenty female subjects with no family
history of migraine and no history of chronic pain, substance
abuse, or neurologic, psychiatric, or systemic disorders were
recruited as HC subjects. There were no significant differences
in age between groups. All participants were right-handed
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TABLE 1 | Demographic and clinical characteristics of patients.

Characteristics VM (n = 33)
Mean ± SD

HC (n = 20)
Mean ± SD

Sex Female Female
Age 44.55 ± 13.70 43.80 ± 11.85
VM disease duration (years) 6.20 ± 6.28
Migraine disease duration (years) 10.67 ± 6.22
Attack frequency per month 2.74 ± 5.25

HC, healthy control; VM, vestibular migraine.

with normal or corrected-to-normal visual acuity. Patients with
VM, and healthy controls did not report other neurological,
psychiatric, audiovestibular, diabetes mellitus, hypertension,
vascular/heart diseases, hyper-cholesterolaemia, or other major
systemic disorders. Moreover, participants who abused alcohol,
nicotine, or other substances were excluded. The clinical and
demographic characteristics of the VM and HC groups are
summarized in Table 1.

Visual Stimuli
We adopted visual stimuli consisting of reversing displays
of circular checkerboard patterns reported by Sandmann and
colleagues (Sandmann et al., 2012), which have been used
to examine cross-modal reorganization in the auditory cortex
of cochlear implant users. There were four different pairs of
patterns that varied in terms of luminance ratio. The proportions
of white pixels in the stimulus patterns were 12.5% (Level 1),
25% (Level 2), 37.5% (Level 3), and 50% (Level 4). The contrast
between white and black pixels was identical in all stimuli.

Subjects were comfortably seated in front of a high-resolution
19-inch VGA computer monitor at a viewing distance of
approximately 1 m in a soundproof and electromagnetically
shielded room. All stimuli were presented via E-prime
2.0 stimulus software that is compatible with Net Station 4
(Electrical Geodesics, Inc.). The checkerboard stimulus remained
on the monitor for 500 ms and was immediately followed by
blank-screen inter-stimulus intervals that also lasted for 500 ms.
Each presented blank stimulus image included a fixation point (a
white cross) on the center of the screen. Participants performed
four experimental blocks (i.e., conditions) in which they were
presented with one of the four image pairs. The block order
was counterbalanced across participants. In the course of the
experimental session, each checkerboard image was repeated
60 times, resulting in a total of 480 stimuli (four conditions, two
images, 60 repetitions). Participants were instructed to keep their
eyes on the pictures before each condition and were allowed to
have rest for 1 min between blocks.

EEG Recording and Analyses
EEG data were continuously recorded by a 128-Channel Dense
Array EEG System with Hydrogel Geodesic Sensor Nets (EGI,
USA). The sampling rate was 1 kHz, and electrode impedances
were kept below 50 kΩ. For ERP analyses, individual participant
data were band-pass filtered offline at 0.3–30 Hz and segmented
with 100-ms pre-stimulus and 600-ms post-stimulus times.
Artifact rejection set at 200mVwas applied to visual EEG signals,
and epochs were rejected if they contained any eye blinking (eye

channel > 140 mV) or eye movement (eye channel > 55 mV).
Bad channels were removed from the recording. Data were then
re-referenced using a common average reference. The data were
baseline corrected to the pre-stimulus time of −100 to 0 ms.

Amplitudes and latencies of the P1-N1-P2 complex on the
75(Oz) electrode for individual participants were analyzed. The
time frames for the P1, N1, and P2 were set between 50 and
120 ms, 100 and 170 ms, and 200 and 290 ms, respectively. The
amplitudes of the P1, N1, and P2 peaks were measured from
the baselines to the peak values. Individual subject latencies were
defined at the highest peak amplitude for each VEP component.
Individual waveform averages were averaged together for each
group to compute a grand-average waveform. We compared the
amplitudes and latencies of the VEP components between groups
with respect to the four checkerboard images.

For statistical analysis, VEP components were subjected to
separate repeated-measures analyses of variance (ANOVAs)
with condition (Levels 1–4) as the within-subject factor and
group (VM patients and HC subjects) as the between-subjects
factor. Significant main effects and interactions (p < 0.05)
were followed-up with post hoc t-tests, and Greenhouse–Geisser
corrections were applied when the sphericity assumption was
violated. Topographical displays are based on the whole scalp
region.

sLORETA
ERP source analyses were performed using a standardized
head model to estimate the intracerebral sources on the basis
of an sLORETA algorithm (Pascual-Marqui, 2002), which is
a functional imaging method based on electrophysiological
and neuroanatomical constraints. This method offers precise
localization (Wagner et al., 2004; Sekihara et al., 2005)
but low spatial resolution. sLORETA software was provided
online by the KEY Institute for Brain-Mind Research, Zurich,
Switzerland1. Source analyses were only performed in the time
frame of the P1 component since scalp-recorded potentials
revealed systematic differences between groups specifically for
P1 latency. The latency (mean ± SD) from the Oz electrode
in each group was used to calculate the time frames of
the source images and to consider different peak latency
variations among the VM patients (66–102 ms) and HC subjects
(86–104 ms). Afterward, non-parametric statistical analyses of
sLORETA images (statistical non-parametric mapping; SnPM)
were performed to identify differences in source activity
generators between VM patients and HC subjects. This was
done using sLORETA’s built-in voxel-wise randomization tests
with 5000 permutations and employing a log-F-ratio statistic for
independent groups with a threshold of p < 0.01 (corrected for
multiple comparisons).

RESULTS

VEPs
Individual waveform averages were averaged together for each
group to produce a grand-average waveform and topographic

1https://www.uzh.ch/keyinst/NewLORETA/Software/Software.htm
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FIGURE 1 | The topographies show the P1 (88 ms), N1 (129 ms), and P2 (237 ms) VEP and are given separately for HC subjects and VM patients. Grand average
VEP waveforms recorded at channel Oz are shown for different luminance ratios (Levels 1–4). Levels 1 and 4 refer to the smallest (12.5%) and largest (50%)
proportions of white pixels in the stimulus pattern, respectively. VEP, visual evoked potential; HC, healthy control; VM, vestibular migraine.

maps of HC subjects and VM patients as shown in Figure 1. The
results revealed smaller amplitudes and reduced latencies of the
P1 component in VM patients. We compared the amplitudes and
latencies of the VEP components of both groups with respect to
the four checkerboard images.

Figure 2 shows the VEP amplitudes and latencies for different
luminance ratios separately for VM patients and HC subjects.
Repeated-measures ANOVAs on P1 amplitudes and latencies
both revealed significant main effects for condition [F = 7.072,
p = 0.001; F = 9.871, p = 0.000] and group [F = 12.127, p = 0.001;
F = 7.267, p = 0.009]; there was no significant interaction between
condition and group [F = 0.637, p = 0.542; F = 0.289, p = 0.736].
Multiple comparisons on VEP amplitudes and latencies in
separate conditions showed that Level 1 evoked significantly
smaller amplitudes and shorter latencies than Level 4 [p = 0.015;
p = 0.004], and Level 2 evoked significantly smaller amplitudes
and shorter latencies than Level 4 [p = 0.014; p = 0.000].

Repeated-measures ANOVAs on N1 amplitudes and latencies
revealed significant main effects for condition [F = 12.509,
p = 0.000; F = 21.889, p = 0.000]. There was no significant main
effect for group [F = 0.014, p = 0.906; F = 0.319, p = 0.575]
and no significant interaction between condition and group
[F = 0.672, p = 0.534; F = 1.167, p = 0.313]. Multiple comparisons
on VEP amplitudes and latencies in separate conditions showed
that Level 1 evoked significantly smaller amplitudes and shorter
latencies than Level 4 [p = 0.001; p = 0.000], Level 2 evoked
significantly smaller amplitudes and shorter latencies than Level

4 [p = 0.000; p = 0.000], and Level 3 evoked significantly
smaller amplitudes and shorter latencies than Level 4 [p = 0.042;
p = 0.000].

Repeated-measures ANOVAs on P2 amplitudes and latencies
revealed significant main effects for condition [F = 4.076,
p = 0.011; F = 3.449, p = 0.043], but no significant main effects
for group [F = 1.067, p = 0.306; F = 0.314, p = 0.577] and no
significant interaction between condition and group [F = 0.271,
p = 0.822; F = 3.012, p = 0.062]. Multiple comparisons on VEP
amplitudes and latencies in separate conditions showed that
Level 1 stimuli evoked significantly smaller amplitudes than Level
4 [p = 0.028].

sLORETA Group Comparisons
Group comparisons of the sLORETA source imaging are shown
in Figure 3. Locations with significant differences between VM
patients and HC subjects are shown in two different forms:
MRI views of three sides of the brain (Figure 3A) and 3D
brain maps (Figure 3B). These maps and figures were created
by assigning the SnPM t-values (two-tailed threshold) to their
corresponding BAs, and color-coded (Figure 3C) using a range
of light blue over dark blue, black, and red to yellow. Light blue
represents negative t-values, which shows that the current source
density of this location has significantly decreased. Compared
with the P1 source densities of HC subjects, significant current
density decrements (threshold log-F-ratio = 0.836, p < 0.01)
of VM patients were distributed over the frontal lobe, parietal
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FIGURE 2 | Modulation of scalp-recorded VEPs across different luminance ratios. The amplitudes and latencies of the P1, N1, and P2 VEPs are shown separately
for VM patients (solid line) and HC subjects (dashed line). Levels 1 and 4 refer to the smallest (12.5%) and largest (50%) proportions of white pixels in the stimulus
pattern, respectively. Asterisks indicate significant differences between VM patients and HC subjects (p < 0.05). Note the different scaling for different VEP
components.

lobe, temporal lobe, limbic lobe, occipital lobe, and sub-lobar
regions. Table 2 provides a complete overview of all retrieved
statistically significant results including all anatomical regions
and the number of activated voxels. The difference in the current
density maximum was highest in the postcentral gyrus of the
parietal lobe [Montreal Neurological Institute (MNI) coordinates
(x, y, z = −35, −40, 55), BA 40] (logF = −1.93, p < 0.001).

DISCUSSION

The present study examined VEP responses in patients with
VM and HC subjects. For the P1 VEP, our results revealed
significantly lower amplitude and decreased latency, and reduced
cortical activation in VM patients compared with HC subjects.

The mechanisms underlying abnormal VEP responses to visual
stimulation in patients with VM are currently unknown, but we
know that the P1 source density differences between HC subjects
and VM patients overlapped with the vestibular cortical fields
(Figures 3, 4).

We found reduced P1 amplitude and shorter P1 latency for
VM patients compared with HC subjects, which indicates that
VM is associated with functional changes in the central visual
system. This observation may be explained by a lowered cortical
preactivation level or reduced baseline activation of sensory
cortices leading to abnormal information processing. sLORETA
analysis was used to identify which brain regions contributed to
these alterations.We identified reduced source activation of P1 in
the frontal, parietal, temporal, limbic, and occipital lobes and
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FIGURE 3 | Significant group comparisons of the sLORETA source imaging between the VM and HC groups. Regions with significant differences between groups
are shown in three MRI views of the head (A) and 3D brain map views (B). The color scale (C) represents log-F ratio values (threshold: log-F = 0.836, p < 0.01,
two-tailed). The difference in current density maximum was highest in the postcentral gyrus of the parietal lobe [MNI coordinates (x, y, z = −35, −40, 55), BA 40;
logF = −1.93, p < 0.001]. L, left; R, right; A, anterior; P, posterior; BA, Brodmann area.
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TABLE 2 | Significant brain regions of P1 source activities and the numbers of
voxels differing between VM patients and HC subjects.

Lobe L R Total

Frontal lobe 994 889 1,883
Middle frontal gyrus 219 230 449
Precentral gyrus 177 180 357
Inferior frontal gyrus 176 150 326
Superior frontal gyrus 151 130 281
Medial frontal gyrus 151 123 274
Paracentral lobule 50 22 72
Rectal gyrus 21 22 43
Orbital gyrus 15 9 24
Subcallosal gyrus 14 9 23
Sub-gyral 9 7 16
Cingulate gyrus 6 4 10
Postcentral gyrus 4 2 6
Precuneus 1 1 2

Parietal lobe 582 547 1,129
Postcentral gyrus 175 178 353
Precuneus 160 132 292
Inferior parietal lobule 142 142 284
Superior parietal lobule 63 63 126
Supramarginal gyrus 20 15 35
Angular gyrus 11 7 18
Sub-gyral 9 8 17
Paracentral lobule 2 2 4

Temporal lobe 568 403 971
Superior temporal gyrus 199 173 372
Middle temporal gyrus 165 144 309
Inferior temporal gyrus 74 35 109
Fusiform gyrus 85 15 100
Transverse temporal gyrus 18 18 36
Sub-gyral 12 8 20
Supramarginal gyrus 8 4 12
Angular gyrus 5 4 9
Inferior frontal gyrus 1 1 2
Insula 1 1 2

Limbic lobe 368 226 594
Cingulate gyrus 143 119 262
Anterior cingulate 65 45 110
Parahippocampal gyrus 85 21 106
Posterior cingulate 38 21 59
Uncus 31 15 46
Precuneus 2 3 5
Sub-gyral 2 1 3
Paracentral lobule 1 1 2
Inferior temporal gyrus 1 1

Occipital lobe 337 132 469
Cuneus 124 86 210
Middle occipital gyrus 67 16 83
Lingual gyrus 65 65
Precuneus 21 18 39
Fusiform gyrus 29 29
Inferior occipital gyrus 16 2 18
Superior occipital gyrus 7 6 13
Middle temporal gyrus 6 2 8
Inferior temporal gyrus 2 2 4

Sub-lobar 111 106 217
Insula 104 101 205
Extra-nuclear 7 5 12

sub-lobar regions in VM patients compared with HC subjects,
which is in line with previous functional magnetic resonance
imaging (fMRI) studies that showed cortical gray matter
changes in vestibular migraine (Zhe et al., 2021). Vestibular-
sensitive neurons respond to a variety of modalities including

proprioception or visual motion. Vestibular information and
somatosensory and/or visual inputs are conveyed through ventral
posterolateral, ventral posteromedial, and ventral posterior
inferior thalamic nuclei and lateral geniculate nucleus. We found
that the P1 source density differences between HC subjects and
VM patients overlapped with the vestibular cortical fields. This
led us to hypothesize deactivation of the vestibular cortex regions
in VM patients, where excessive inhibition of the vestibular
cortex regions leads to peripheral loss of control, resulting
in peripheral dysfunction such as photophobia and vestibular
dysfunction.

Vestibular information processing involves polymodal
association areas in the parietal, temporal, and insular cortices
and cortical areas associated with spatial orientation (e.g.,
primary somatosensory cortex, primary visual cortex; Vuralli
et al., 2018). When visual, vestibular, and somatosensory
stimuli incorporation and/or processing of one of these three
components is damaged, VM victims may experience vestibular
symptoms.We hypothesized a central disruption inmultisensory
component processing, though how this would affect visual or
vestibular system processing remains unknown in VM.

Few studies have thoroughly examined VEPs at different
luminance ratios in VM patients. Our results indicated
parametric regulation of P1 amplitudes based on the luminance
ratio in the checkerboard images. This result was found in
both VM patients and HC subjects and is in accordance with
previous findings of larger VEP reactions for higher luminance
levels in visual stimuli (Johannes et al., 1995; Sandmann et al.,
2012). Further topographic mapping analysis revealed that VM
patients and HC subjects had a P1 latency difference in the
occipital area, which corroborates the previous finding that
reduced metabolism in the occipital cortex may signify mutual
suppression between the visual and vestibular systems (Shin et al.,
2014).

Compared with HC subjects, we found that VM patients
showed considerably shorter P1 latencies. As VEP latencies can
be used to approximate visual processing time (Thorpe et al.,
1996) and might change with latency in the behavioral reaction
in visual tasks (Fort et al., 2005), we predict that this finding may
reveal quicker, more effective visual information processing that
enables faster behavioral reactions in these subjects. However,
while increased sensitivity to visual stimuli might be linked to
the quicker low-level visual processing observed in migraineurs
with aura (Wray et al., 1995), it is not clear whether patients
with VM exhibit enhanced (behavioral) response speed in visual
tasks compared with HC subjects. The fact that the VM group
showed marked response time advantages in basic tasks provides
psychophysical validation of their expected hypersensitivity to
visual stimuli. These results suggest that since signals to the
primary visual cortex are processed more promptly, VM patients
are faster at low-level visual processing.

VM patient processing speed for low-level visual tasks should
perhaps be seen as reflecting an interaction between more
or less visual excitation and more or less regional inhibitory
failure (Wray et al., 1995). To test this hypothesis, future
research should combine electrophysiological recordings with
neuroimaging studies so that the temporal patterns of sensory

Frontiers in Human Neuroscience | www.frontiersin.org 7 December 2021 | Volume 15 | Article 76297089

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Liu et al. Cortex Abnormalities in VM Patients

FIGURE 4 | Schematic brain representations illustrating the topography of the vestibular cortical fields experimentally identified in humans. The numbers indicate
the architectonically defined BAs [based on Gray’s (1918) Anatomy of the Human Body]. The letters represent the vestibular sites with their localization in the cortical
regions in the right panel (Ventre-Dominey, 2014).

processing can be correlated with the accompanying anatomical
and functional changes in patients with VM.

CONCLUSIONS

Using a combined VEP and sLORETA approach, we found
smaller P1 amplitudes and decreased latency, and reduced visual
cortex activation in VM patients compared with HC subjects.
These findings suggest altered processing of visual stimuli in
VM patients between attacks. Specifically, we found that the
P1 source density differences between HC subjects and VM
patients overlap with the vestibular cortical fields. These results
suggest that abnormalities in vestibular cortical fields might be a
pathophysiological mechanism of VM.
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Objective: Altered cerebral blood flow (CBF) and regional homogeneity (ReHo)
have been reported in pulsatile tinnitus (PT) patients. We aimed to explore regional
neurovascular coupling changes in PT patients.

Materials and Methods: Twenty-four right PT patients and 25 sex- and age-matched
normal controls were included in this study. All subjects received arterial spin labeling
imaging to measure CBF and functional MRI to compute ReHo. CBF/ReHo ratio was
used to assess regional neurovascular coupling between the two groups. We also
analyzed the correlation between CBF/ReHo ratio and clinical data from the PT patients.

Results: PT patients exhibited increased CBF/ReHo ratio in left middle temporal gyrus
and right angular gyrus than normal controls, and no decreased CBF/ReHo ratio was
found. CBF/ReHo ratio in the left middle temporal gyrus of PT patients was positively
correlated with Tinnitus Handicap Inventory score (r = 0.433, p = 0.035).

Conclusion: These findings indicated that patients with PT exhibit abnormal
neurovascular coupling, which provides new information for understanding the
neuropathological mechanisms underlying PT.

Keywords: cerebral blood flow, arterial spin labeling, regional homogeneity, functional magnetic resonance
imaging, pulsatile tinnitus

INTRODUCTION

Pulsatile tinnitus (PT) manifests as vascular somatosound synchronized with the pulse (Haraldsson
et al., 2019). Sigmoid sinus wall anomalies are considered the most common and curable cause
of PT (Dong et al., 2015; Mundada et al., 2015). Sounds and vibrations produced by abnormal
hemodynamics in the venous sinus are perceived by the inner ear through the incomplete sinus
wall (Li et al., 2021a). Sigmoid sinus wall reconstruction can effectively eliminate PT (Zhang et al.,
2019). This disease state seriously affects patients’ daily lives, leading to irritability, anxiety, sleep
disturbance, depression and even suicide (Li et al., 2020).

Recently, more attention has been given to the neuronal activity of patients with PT (Lv
et al., 2015a,b, 2016b, 2017). Spontaneous neuronal activity can be reflected by blood oxygen
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level-dependent (BOLD) signals in resting-state fMRI (Fox and
Raichle, 2007). Lv et al. (2015a) used fMRI to measure altered
amplitude of low-frequency fluctuation (ALFF) and regional
homogeneity (ReHo) values in multiple brain regions of patients
with unilateral PT, suggesting that abnormal brain activity existed
in such patients. Subsequently, numerous studies also found
abnormal functional connectivity between multiple brain regions
and networks in these patients (Lv et al., 2015b, 2017, 2018).
The above studies indicated that there are neuropathological
changes in PT patients.

According to the neurovascular coupling hypothesis, an
increase in neuronal activity is accompanied by an increase in
cerebral metabolic demand, leading to an increase in cerebral
perfusion (Raichle and Mintun, 2006; Lanting et al., 2009; Venkat
et al., 2016). Previous studies have used PET and SPECT to
explore cerebral blood flow (CBF) changes in tinnitus patients,
and found that there are altered CBF in multiple brain regions
(Geven et al., 2014; Laureano et al., 2016). Perfusion and
metabolism are tightly coupled in the brain (Aubert and Costalat,
2002). Several studies have found that the brain perfusion
measured by arterial spin labeling (ASL) (Dai et al., 2009;
Yoshiura et al., 2009; Wolk and Detre, 2012; Binnewijzend
et al., 2013) has a good correlation with the brain metabolism
measured by PET (Herholz et al., 2002; Du et al., 2006; Pagani
et al., 2010; Bozoki et al., 2012) in the field of mild cognitive
impairment and Alzheimer’s dementia. Due to its advantages of
non-invasiveness, low cost and simplicity, ASL can be used to
perform repeated studies on subjects. Thus, this technique has
become a promising alternative technique and is widely used in
various disease states (Haller et al., 2016). Recent studies have
used ASL to identify CBF changes in multiple brain regions of
PT patients (Li et al., 2020, 2021b).

However, the above studies were based on a single imaging
technique to assess neuronal activity or cerebral perfusion
in patients with PT, which cannot comprehensively reflect
the neurovascular coupling disorder underlying this disease.
Liang et al. combined BOLD and ASL techniques and found
that neurovascular coupling reflects aspects of the underlying
physiological function of the brain (Liang et al., 2013).
Subsequently, some studies have found changed neurovascular
coupling in the context of various diseases, confirming that
it is related to the pathophysiological mechanism underlying
the disease (Phillips et al., 2016; Tarantini et al., 2017; Zhu
et al., 2017; Guo et al., 2018). To date, the neurovascular
coupling status of PT patients remains unclear. In this
study, vascular response was evaluated by CBF, and neuronal
activity was calculated by ReHo. CBF/ReHo ratio was used
to assess regional neurovascular coupling. We expect to
understand the neuropathological changes underlying PT from
a new perspective.

MATERIALS AND METHODS

Participants
In this study, 24 right PT patients and 25 age- and
sex-matched normal controls (NCs) were included. All

patients showed pulse-synchronous noise (Li et al., 2021a),
and sigmoid sinus wall dehiscence was considered the
key etiology of PT by DSA and CTA/V. The exclusion
criteria for all patients and NCs included hearing loss, MRI
contraindications, hyperacusis, neuropsychiatric diseases,
and history of head trauma. Tinnitus Handicap Inventory
(THI) scores were exploited to assess PT severity. All
participants signed written informed consent approved by
the ethical committee.

Data Acquisition
MRI data were acquired on a GE Discovery MR750 3.0 T
scanner. The parameters for 3D pseudocontinuous ASL were
as follows: repetition time (TR), 4854 ms; echo time (TE),
10.7 ms; slice thickness, 4 mm with no gap; in-plane resolution,
3.37 mm × 3.37 mm; number of excitations, 3; field of view
(FOV), 240 mm × 240 mm; postlabel delay (PLD), 2025 ms;
flip angle, 111◦; and 36 slices. Resting-state BOLD imaging was
obtained with the following parameters: TE, 35 mm; TR, 2000 ms;
FOV, 240 × 240 mm; matrix, 64 × 64; flip angle, 90◦; slice
thickness, 4 mm with 1 mm gap; 200 time points; and 28 slices.
During the scanning, all participants were asked to relax without
thinking of anything, to remain motionless and awake, and to
close their eyes.

Cerebral Blood Flow Calculation
CBF maps were preprocessed using previously described
methods (Li et al., 2021a,b). First, the CBF maps of 25 NCs
were coregister to MNI space to generate a standard template
using SPM8 software. Then, we registered the CBF maps from
all participants to this standard MNI template. CBF maps were
normalized by dividing the participant’s global mean CBF (Aslan
and Lu, 2010). Finally, we smoothed the CBF maps using an 8 mm
full-width at half-maximum (FWHM) Gaussian kernel.

fMRI Data Preprocessing
BOLD images were preprocessed using Data Processing Assistant
for Resting-State fMRI (DPARSF) software. To allow the signal
to stabilize, the first 10 time points were removed from
analysis. The specific processing steps included slice timing,
realignment (head translation > 2.5◦ or motion > 2.5 mm
were excluded), nuisance covariate regressions, filtering (0.01–
0.08 Hz), and spatial normalization into MNI space with
resampling to 3 × 3 × 3mm3.

ReHo was calculated using Kendall’s coefficient concordance
of a given voxel with its twenty-six nearest neighboring voxels
(Zang et al., 2004). Individual ReHo maps were divided by the
global average ReHo value and then smoothed.

Statistical Analysis
Statistical analysis was performed using SPSS v.22.0 software. We
used two-sample t-test to investigate the difference in age and
handedness between groups, and Fisher’s exact test was used to
detect the difference in sex between groups (P < 0.05).

In CBF/ReHo ratio analysis, we used two-sample t-test to
explore significant CBF/ReHo ratio differences between the NCs
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TABLE 1 | Demographic data for PT patients and NCs.

PT (n = 24) NC (n = 25) P value

Age (years) 38.5 ± 9.9 34.0 ± 9.7 0.114b

Sex (male/female) 2/22 4/21 0.667a

Handedness 24 right-handed 25 right-handed 1.000b

PT duration (months) 34.5 ± 31.1 NA NA

THI score 52.0 ± 23.6 NA NA

Data are presented as the mean ± standard deviation. PT: pulsatile tinnitus; NC:
normal control; THI: Tinnitus Handicap Inventory; NA: not applicable.
a Fisher’s exact test; b Two-sample t-test.

and PT patients, with gender and sex serving as nuisance
covariates. Cluster-level false discovery rate (FDR) correction
was used for multiple comparisons with P < 0.05. The same
method was performed to explore group differences of ReHo
and CBF. A correlation analysis (Pearson’s correlation) was
performed to assess relationships between clinical data and
altered CBF/ReHo ratio.

RESULTS

Demographic Data
Table 1 shows the demographic data for all participants. The
PT patients and NCs were well matched for sex (p = 0.667),
age (p = 0.114), and handedness (p = 1.000). Across all patients,
the THI score was 52.0 ± 23.6, and the PT duration was
34.5 ± 31.1 months.

Altered Cerebral Blood Flow/Regional
Homogeneity Ratio in Pulsatile Tinnitus
Patients
Figure 1 and Table 2 shows the CBF/ReHo ratio difference
between the two groups. The PT patients exhibited
increased CBF/ReHo ratio in the right angular gyrus
and left middle temporal gyrus than the NCs, and no
decreased CBF/ReHo ratio was found in the PT patients
(p < 0.05, FDR corrected).

Altered Regional Homogeneity and
Cerebral Blood Flow in Pulsatile Tinnitus
Patients
Pulsatile tinnitus (PT) patients exhibited significantly increased
CBF in the right angular gyrus and precuneus than the NCs
(p < 0.05, FDR corrected) (Figure 2 and Table 3). There were
no significant ReHo differences between the two groups.

Correlation Analyses
In the PT patients, increased CBF/ReHo ratio in the left
middle temporal gyrus was positively correlated with THI scores
(r = 0.433, p = 0.035) (Figure 3). We found no significant
correlation between CBF/ReHo ratio in the right angular gyrus
and clinical data.

DISCUSSION

This study investigated altered neurovascular coupling in PT
patients by combining ASL and BOLD MRI. We found that
patients with PT had increased CBF/ReHo ratio in the left
middle temporal gyrus and right angular gyrus. Furthermore, the
altered CBF/ReHo ratio in the left middle temporal gyrus was
positively correlated with THI scores. These findings may help
us understand the neuropathological mechanism underlying PT
from the perspective of neurovascular coupling.

Previous studies have confirmed that CBF/ReHo ratio
can offer more information on local neurovascular coupling
alterations in diseases (Guo et al., 2018; Liu et al., 2021; Zhang
et al., 2021). In a normal brain, CBF/ReHo ratio remains
balanced. In PT, the deviation in the balance (i.e., abnormal
neurovascular coupling) may lead to increases or decreases
in CBF/ReHo ratio. Decreased CBF/ReHo ratio represents a
relatively insufficient blood supply per unit of neuronal activity,
while increased CBF/ReHo ratio represents a relative excess
blood supply per unit of neuronal activity (Guo et al., 2018).
The clinical correlation analysis found that CBF/ReHo ratio was
related to the severity of PT, thus confirming the disruptive
effect of altered CBF/ReHo ratio. More importantly, this ratio

FIGURE 1 | Group differences in CBF/ReHo ratio between patients with PT and NCs (P < 0.05, FDR corrected). PT: pulsatile tinnitus; NC: normal control; CBF:
cerebral blood flow; ReHo: regional homogeneity.
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TABLE 2 | Brain regions with significant group differences in CBF/ReHo ratio.

Brain region Peak MNI (mm) Peak T
value

Cluster size
(mm3)

x y z

PT > NC

R angular gyrus 52 −66 26 4.73 226

L middle temporal gyrus −54 −68 18 5.06 118

PT: pulsatile tinnitus; NC: normal control; CBF: cerebral blood flow; ReHo: regional
homogeneity; MNI: Montreal Neurological Institute; L: left; R: right.

can identify abnormal brain areas with no obvious alterations in
ReHo and CBF. Changes in CBF and ReHo in opposite directions
may disrupt this balance. Therefore, slightly decreased ReHo and
increased CBF may lead to significantly increased CBF/ReHo
ratio in PT patients, while slightly increased ReHo and decreased
CBF may lead to significant decrease in CBF/ReHo ratio (Guo
et al., 2018). This mechanism can be used to explain why there
were significant group differences in the CBF/ReHo ratio in
these brain regions, but no significant differences were found in
ReHo or CBF measurements. Thus, CBF/ReHo ratio can be used
as a novel functional imaging index to evaluate neurovascular
coupling alterations in disease.

Pulsatile tinnitus (PT) patients had increased CBF/ReHo ratio
in the right angular gyrus than the NCs. Moreover, in the present
study, increased CBF and normal ReHo were found in the right
angular gyrus, suggesting that the increase in the CBF/ReHo ratio
was mainly caused by increases in CBF. Prior studies showed
that in patients with unilateral tinnitus, synchronized activity
and connectivity within the gamma band were increased in the
right angular gyrus as assessed using electroencephalography
(Vanneste et al., 2011; Zhang et al., 2020). Chen et al. (2014)
based on fMRI, found increased low-frequency fluctuations in
chronic tinnitus patients, indicating increased neuronal activity
in this region (Chen et al., 2014). A PET study also confirmed the
increased angular gyrus activity in patients with chronic tinnitus
(Song et al., 2012). This may be related to the function of the
angular gyrus to participate in the integration of auditory stimuli,
memory-related activities, self-awareness, and self-perception
(Daselaar et al., 2006; De Ridder et al., 2014; Zhang et al., 2020).
Moreover, the angular gyrus is involved in shifting the attention

of chronic tinnitus patients from auditory phantom percept to
visual cues in Heidelberg neuro-music therapy (Krick et al.,
2017). Stimulating the hyperactive angular gyrus can eliminate
tinnitus (Plewnia et al., 2007), indicating that there is a
causal relationship between this area and tinnitus perception.
In addition, this region is an important node in the dorsal
auditory pathway, which converts auditory representations into
premotor reactions (Karabanov et al., 2009). Schubotz et al.
(2003) further found that coactivation of the superior premotor
motor cortex and angular area is critical to the spatial positioning
of auditory input (Schubotz et al., 2003). Note that the above
studies included non-PT patients. Xu et al. used fMRI and found
that the angular gyrus is participated in abnormal functional
connectivity in PT patients (Xu et al., 2019), suggesting that
this brain area plays a critical role in the pathophysiological
mechanism underlying PT.

In addition, our preliminary results show that the CBF/ReHo
ratio in the left middle temporal gyrus was higher in the PT
patients than the NCs. The middle temporal gyrus is a part
of the auditory association cortex (Verger et al., 2017), which
is involved in auditory information processing. Animal studies
have confirmed that tinnitus may be related to synaptic structure
remodeling, enhanced synchronous and spontaneous neuronal
activity in the auditory cortex (Adjamian et al., 2009; Henry
et al., 2014). Voxel-based morphometry study has shown that
tinnitus can cause significant cortical changes in the middle
temporal gyrus [MNI coordinates (x, y, z):49, −70, 13; cluster
size: 747] (Boyen et al., 2013). fMRI studies observed increased
ALFF and ReHo in the middle temporal gyrus in tinnitus patients
[MNI coordinates (x, y, z):60, −51, −9; cluster size:87] [MNI
coordinates (x, y, z):60, −36, −3; cluster size:87] (Chen et al.,
2014; Han et al., 2018), which also reflected abnormal regional
functional changes in the auditory-related cortex in tinnitus
patients. However, the above studies have focused on individuals
without PT. Functional connectivity analysis conducted by Lv
et al. (2016a) found that the middle temporal gyrus was involved
in abnormal functional connectivity in PT [MNI coordinates
(x, y, z):55, −52, 8; cluster size:79], thus confirming the vital
role of this brain area. Wang et al. (2019) further found that
functional connectivity in the middle temporal gyrus in PT
patients changes over time, and its intensity can be used to

FIGURE 2 | Group differences in CBF between patients with PT and NCs (P < 0.05, FDR corrected). PT: pulsatile tinnitus; NC: normal control; CBF: cerebral blood
flow; ReHo: regional homogeneity.
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TABLE 3 | Brain regions with significant group differences in CBF.

Brain region Peak MNI (mm) Peak T
value

Cluster size
(mm3)

x y z

PT > NC

R angular gyrus 46 −66 42 4.75 330

R precuneus 8 −72 48 4.62 345

PT: pulsatile tinnitus; NC: normal control; CBF: cerebral blood flow; MNI: Montreal
Neurological Institute; R: right.

FIGURE 3 | The correlation between CBF/ReHo ratio in the left middle
temporal gyrus in PT patients and THI score. PT: pulsatile tinnitus; NC: normal
control; CBF: cerebral blood flow; ReHo: regional homogeneity; THI: Tinnitus
Handicap Inventory.

quantitatively measure PT duration (Wang et al., 2019). These
findings indicated that this brain area has important significance
in the neuropathology underlying PT. In addition, the increased
CBF/ReHo ratio in the left middle temporal gyrus were positively
correlated with THI score in the PT patients, indicating the
CBF/ReHo ratio in this region is more likely to reflect the
severity of the disease.

This study has several limitations. First, we enrolled only
right PT patients. In clinical work, right PT patients are
more common than left PT patients (Eisenman et al., 2018)
and may represent the general state of most patients. As
the number of included patients increases, we will further
explore the effect of PT side on neurovascular coupling changes.
Second, the CBF/ReHo ratio is only an indirect reflection of
neurovascular coupling. In the future, we expect that there
will be direct neurovascular coupling indicators to describe the
neuropathological mechanisms underlying PT. Third, this study
found that the altered neurovascular coupling in the left middle
temporal gyrus, which is a relatively large area. Thus, we have
added MNI coordinates and cluster size of the middle temporal
gyrus of other studies in the discussion section, and that found the
location of this brain area is close to our result. Fourth, Changes
in brain morphology may affect neuronal activity. Previous
studies found that there was no significant difference in brain
volume between PT patients and the NCs (Lv et al., 2015b, 2016a,
2017). Therefore, we did not carry out repeated morphological
studies in this study. Fifth, this was a cross-sectional study. In
the next step, we will explore changes in neurovascular coupling

after PT is eliminated, and further explore the neuropathological
changes associated with this condition.

CONCLUSION

In conclusion, this study combined CBF and ReHo to
describe regional neurovascular coupling changes in PT patients.
Specifically, these patients exhibited increased CBF/ReHo ratio
in the right angular gyrus and left middle temporal gyrus,
and the altered CBF/ReHo ratio in the left middle temporal
gyrus was positively correlated with the severity of PT. Our
results provide potential imaging markers for understanding the
neuropathological mechanism underlying PT.
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to Quantitatively Assess Abnormal
Changes in Patients With
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Department of Radiology, Beijing Friendship Hospital, Capital Medical University, Beijing, China

Objective: We aim to investigate the feasibility of using diffusion tensor imaging (DTI) to
evaluate changes in extraocular muscles (EOMs) and lacrimal gland (LG) in patients with
thyroid-associated ophthalmopathy (TAO) and to evaluate disease severity.

Materials and Methods: A total of 74 participants, including 17 healthy controls
(HCs), 22 patients with mild TAO, and 35 patients with moderate-severe TAO,
underwent 3-Tesla DTI to measure fractional anisotropy (FA) and mean diffusivity
(MD) of the EOMs and LG. Ophthalmological examinations, including visual acuity,
exophthalmos, intraocular pressure, and fundoscopy, were performed. FA and MD
values were compared among patients with different disease severity. Multiple linear
regression was adopted to predict the impact of clinical variables on DTI parameters of
orbital soft tissue.

Results: TAO patients’ EOMs and LG showed significantly lower FA values and higher
MD compared to HCs’ (P < 0.05). Moderate-severe TAO patients’ EOMs and LG had
dramatically lower FA and higher MD compared with HCs (P < 0.05). In addition, only
the DTI parameters of the medial rectus were considerably different between mild and
moderate-severe TAO patients (P = 0.017, P = 0.021). Multiple linear regression showed
that disease severity had a significant impact on the DTI parameters of orbital soft tissue.

Conclusion: DTI is a useful tool for detecting microstructural changes in TAO patients’
orbital soft tissue. DTI findings, especially medial rectus DTI parameters, can help to
indicate the disease severity in TAO patients.

Keywords: thyroid-associated ophthalmopathy, extraocular muscle, lacrimal gland, diffusion tensor imaging
(DTI), MRI

INTRODUCTION

Thyroid-associated ophthalmopathy (TAO) is an autoimmune inflammatory disease that causes
inflammation and fibrosis of orbital fat, extraocular muscles (EOMs) and the lacrimal gland (LG)
(Weiler, 2017). The medial rectus and inferior rectus are the most common lesion sites. The
expansion of both EOMs and orbital fat is responsible for various clinical symptoms, such as
diplopia, proptosis, and restricted eye movement (Drui et al., 2018). A previous study found that
approximately 30–45% of TAO patients only showed significant dry eye symptoms, and about
65–75% of TAO patients had dry eye symptoms (Kashkouli et al., 2018). Besides the changes of
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widened palpebral fissure and increased exophthalmos that
accelerate the evaporation of tears, decreased secretion of tears
due to LG involvement has been considered as another vital
factor (Inoue et al., 2020). TAO is divided into two phases: The
active phase of inflammation usually lasts for 6–18 months. It
is characterized by monocyte infiltration, edema and fibroblast
proliferation. The inactive phase is characterized by orbital soft
tissue fibrosis, collagen and fat deposition (Dolman, 2018).

Currently, imaging examination is an important supplement
to ophthalmic examination and laboratory examination (Chen L.
et al., 2020; Ma et al., 2021). It plays an important role in the
clinical diagnosis, evaluation, disease treatment and monitoring
TAO patients. Computed tomography (CT) is usually utilized to
provide data for an initial diagnosis or pre-surgery evaluation.
Magnetic resonance imaging (MRI) has superior soft tissue
resolution, T2-weighted imaging (T2WI) signal intensity of the
EOMs and dynamic MRI enhancement can assist in diagnosing
and staging TAO patients (Politi et al., 2014; Wu et al., 2017).
Quantitative measurement of the signal intensity and volume of
orbital soft tissue can indicate the response of moderate-severe
TAO patients’ to hormone therapy (Hu et al., 2020). Diffusion
weighted imaging (DWI) has shown promise in the evaluation of
EOMs and LG. Studies have demonstrated a higher ADC in TAO
patients’ EOMs and LG compared with HCs (Abdel Razek et al.,
2017; Hiwatashi et al., 2018; Razek et al., 2019). In addition, the
ADC of EOMs combined with CAS is helpful in guiding clinical
decisions (Feeney et al., 2020).

Diffusion tensor imaging (DTI) is an extension of DWI, it
can provide quantitative information about the microstructural
integrity of highly oriented tissues (Assaf et al., 2019). Fractional
anisotropy (FA) and mean diffusivity (MD), as common
parameters of DTI, can, respectively, reflect the magnitude and
directionality of water diffusion (Norris et al., 2020). DTI has also

been widely applied in patients with optic neuritis, glaucoma, and
other eye diseases (Kuchling et al., 2017; Colbert et al., 2021).
At present, relatively few studies have performed DTI on TAO
patients to assess orbital soft tissue microstructural changes (Han
et al., 2016; Chen H.H. et al., 2020; Chen et al., 2021). To our
knowledge, several studies included EOMs and lacrimal glands in
the same research, but only focusing on each separately instead of
studying the orbital soft tissues as a whole.

Therefore, the purpose of this study was to evaluate the utility
of DTI in detecting microstructural changes in orbit soft tissue in
TAO patients and to assess disease severity.

MATERIALS AND METHODS

This study was approved by our Institutional Review Board and
informed consent was obtained from all subjects.

Patient Population
From September 2018 to January 2020, 74 subjects were collected,
including 57 diagnosed TAO patients and 17 sex- and age-
matched HCs. Their diagnosis was according to American
Ophthalmological Association standards. Patients who had
experienced or had one of the following treatments, including
orbital decompression, eyelid surgery, radiotherapy, strabismus
surgery, and inadequate image quality were excluded.

The clinical features included age, gender, clinical activity
score (CAS) and European Group on Graves’ Orbitopathy
(EUGOGO) classification. The CAS is used to evaluate the
patient’s disease activity, so as to determine the patient’s
sensitivity to hormone therapy (Du et al., 2021). The CAS
includes 7 points, one point for each item; a patient with a
CAS ≥ 3 is considered in the active phase, and a patient with a

FIGURE 1 | Methods for DTI parameters measurements in EOMs and LG. Coronal (a) fat-suppressed T2-weighted images and color-coded FA (b), MD (c), in a
36-year-old man with TAO. A circular region of interest was manually set on each EOM locating the clearest cross-section. Axial (d) T2-weighted images, FA (e), MD
(f) maps of the same patient. A circular region of interest was manually set on each LG indicating the clearest cross-section. TAO, thyroid-associated
ophthalmopathy; EOMs, extraocular muscle; DTI, diffusion tensor imaging; LG, lacrimal gland; FA, fractional anisotropy; MD, mean diffusivity.
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TABLE 1 | Demographics of the control and TAO groups.

Normal
(n = 17)

Mild
(n = 22)

Moderate
to sever
(n = 35)

F/X2 P-value

Age 35.4 ± 12.3 39.1 ± 12.3 47.1 ± 14.5 – 0.143a

Gender (F/M) 10/7 13/9 20/15 0.026 0.989b

Antithyroid drug
use, %(n)

– 54.5% (12) 57.1% (20) 0.037 0.847b

Smoking,%(n) 17.6% (3) 13.6% (3) 17.1% (6) – 1.000c

Numeric data are reported as means ± standard deviations. Statistical significance
was indicated by p-values< 0.05.
F, female; M, male; TAO, thyroid-associated orbitopathy.
aOne-way ANOVA.
bChi-squared test.
cFisher’s Exact test.

CAS < 3 is considered in the inactive phase. 114 eyes (57 TAO
patients) were collected in this study, including 56 eyes in the
active phase and 58 eyes in the static phase. Disease severity was
assessed by adopting 2016 EUGOGO (Perros et al., 2017). The
patients were divided into two categories: mild (22 subjects, with
13 females and 9 males), and moderate-severe (35 subjects, with
20 females and 15 males).

Magnetic Resonance Examination
MRI was performed on a 3.0 Tesla MR scanner (Prisma, Siemens
Medical systems, Erlangen, Germany) with a 64-channel head
coil. Every volunteer was instructed to look at a fixed point with
both eyes closed to reduce motion-related errors. The sagittal
3D thin-layer T1-weighted imaging (T1WI) parameters were as
follows: repetition time (TR) 2,530 ms, echo time (TE) 2.98 ms,
matrix 250 × 250, 1 mm slice thickness, field of view (FOV),
256 mm × 256 mm. DTI was acquired on an axial plane using
the RESOLVE sequence. The scan location line was set parallel
to the optic nerve intraorbital segment, and scan parameters
were as follows: b = 0 and l,000 s/mm2; number of diffusion
gradient directions (NDGDs), 64; readout segments, 5; TR/TE,
5,500 ms/63 ms; Field of view (FOV)224 mm × 224 mm;
matrix 200 × 200;slice thickness 2 mm; the resolution of voxel
spacing, 2 mm × 2 mm × 2 mm. The total imaging time was
10 min and 56 s.

Conventional imaging protocols using fast spin echo (FSE)
included axial, coronal, and sagittal T2WI imaging with fat
suppression, and axial T1WI.

Imaging Processing
DTI images were postprocessed using Siemens Prisma 3.0T
with Syngo.Via post-processing software. Image analysis was
performed in a double-blind manner by two neuroimaging
diagnostic physicians who had over 5 years’ working experience
in the relevant field, each analysis was performed twice, and the
mean values of the two analyses were recorded. The FA, apparent
diffusion coefficient (ADC), and TRACEW images were opened
in the MR Basic program, and TRACEW images were adjusted
to display the clearest level of the EOMs; then, a circular region
of interest (ROI) was drawn on EOMs, and the diameter of the
ROI was set to 6 mm. After this process, the software could
automatically calculate the FA values and the MD values. The
study followed a similar method to measure LG. Circular ROIs
on the LGs were carefully positioned (Figure 1).

Statistical Analysis
All numeric data in our research were reported as the
mean ± standard deviation, Kolmogorov-Smirnov test was used
for analyzing the normality. Since CAS does not conform
to the normal distribution, they were reported as median
with interquartile range (IQR). One-way analysis of variance
(ANOVA) was used to compare age-related differences, the
chi-squared test was applied to compare differences regarding
medication categories and sex between groups. The Fisher’s exact
test was used to compare differences in smoking history between
groups. It is worth mentioning that all subjects had the same
severity of disease in the right and left eyes, and the average values
for left/right eye parameters were calculated. The independent
-samples t-test was used to compare DTI parameters of EOMs
and LG between TAO patients and HCs. Comparisons about the
EOMs and LG DTI parameters of participants in the HC, mild,
and moderate-severe groups were performed using one-way
ANOVA, and intergroup comparisons regarding DTI parameters
of orbital soft tissue were conducted using least significant
difference (LSD). A correlation matrix was applied to evaluate
correlations between EOMs’ and LGs’ DTI parameters. Multi
linear regression was performed to assess whether the influencing
factors of clinical features (age, gender, disease severity) would
affect orbital soft tissue DTI parameters. The odds ratios and their
95% confidence intervals (CIs) were calculated.

Interobserver agreements of quantitative parameters were
assessed by the intraclass correlation coefficients (ICCs).

TABLE 2 | Comparison of left and right orbital soft tissue DTI parameters and clinical parameters.

Parameters Left eye Right eye Mean T-value P-value

Lateral rectus FA 0.463 ± 0.059 0.451 ± 0.053 0.457 ± 0.056 1.652 0.103

MD(×10–2 mm2/s) 0.162 ± 0.014 0.164 ± 0.013 0.163 ± 0.011 −1.234 0.221

Medial rectus FA 0.461 ± 0.069 0.462 ± 0.065 0.462 ± 0.050 −0.040 0.968

MD(×10–2 mm2/s) 0.159 ± 0.013 0.159 ± 0.013 0.159 ± 0.013 −0.011 0.991

Lacrimal gland FA 0.383 ± 0.046 0.380 ± 0.048 0.382 ± 0.037 0.400 0690

MD(×10–2 mm2/s) 0.138 ± 0.010 1 0.138 ± 0.008 0.281 0.779

Clinical parameters Exophthalmometry (mm) 19.7 ± 3.0 19.2 ± 2.8 19.5 ± 2.9 0.416 0.680

CAS(range) 3.8(1–6) 3.5(1–6) 3.7 1.756 0.088

Intraocular pressure (mmHg) 18.2 ± 3.9 17.9 ± 3.4 18.1 ± 3.7 1.318 0.196

Numeric data are reported as means ± standard deviations; CAS are reported as median with interquartile range (IQR).
FA, fractional anisotropy; MD, mean diffusivity; CAS, clinical activity score.
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FIGURE 2 | Box plots show comparisons of all DTI parameters in EOMs and LG between groups. Units of MD are × 10-6 mm2/s. FA, fractional anisotropy; MD,
mean diffusivity.

Two-way ICCs with random rater assumptions were applied.
The results were interpreted as follows: < 0.40, poor; 0.40–0.60,
moderate; 0.61–0.80, good; and ≥ 0.81, excellent. A value of
p < 0.05 was considered statistically significant. All statistical
analyses were carried out using the SPSS 20.0 software package.

RESULTS

The clinical and demographic information are shown in Table 1.
No significant differences in age, gender, or smoking among
participants in the HCs, mild and moderate-severe groups
(P > 0.05). In addition, 12 mild patients and 20 moderate -
severe patients took antithyroid drugs. There was no statistically
significant difference in the orbital soft tissue DTI parameters or
clinical features of the left and right eyes of the participants (p-
values are given in Table 2). Therefore, statistical analysis was
performed after calculating the average value of each parameter.

TABLE 3 | DTI parameters of orbital soft tissue between TAO and HC.

Parameters HC TAO P

Lateral rectus FA 0.487 ± 0.066 0.450 ± 0.035 0.038

MD(× 10–2 mm2/s) 0.157 ± 0.015 0.165 ± 0.009 0.046

Medial rectus FA 0.490 ± 0.058 0.454 ± 0.046 0.009

MD(× 10–2 mm2/s) 0.153 ± 0.009 0.161 ± 0.009 0.002

Lacrimal gland FA 0.399 ± 0.049 0.376 ± 0.031 0.027

MD(× 10–2 mm2/s) 0.134 ± 0.004 0.139 ± 0.008 0.001

Numeric data are reported as means ± standard deviations.
HC, healthy control group; TAO, thyroid-associated ophthalmopathy; FA, fractional
anisotropy; MD, mean diffusivity.

Excellent inter-observer reproducibility were obtained when
measuring all DTI parameters (ICC ranged from 0.898 to
0.995). The FA of EOMs and LG in patients with TAO was
significantly lower, the MD was dramatically higher than that
of the HCs (FA: PLateralrectus = 0.038, PMedialrectus = 0.009,
PLacrimalgland = 0.027; MD: PLateralrectus = 0.046,
PMedialrectus = 0.002, PLacrimalgland = 0.001) (Table 3).

Moderate- severe TAO patients showed significantly lower
FA and higher MD compared with HCs’ and those from the
mild group (all P < 0.05). In addition, comparing the moderate-
severe patients with mild patients, the former’s medial rectus’ FA
were considerably lower and its MD were significantly higher
(P = 0.017, P = 0.021) (Figure 2 and Table 4).

The correlation matrix showed that there was a positive
correlation between the DTI parameters of the medial rectus
and that of the lateral rectus (PFA = 0.002, PMD = 0.042).
No correlation was discovered between EOMs and LG DTI
parameters. Detailed p and r values are presented in Table 5.
Multi linear regression demonstrated that disease severity was
a significant influencing factor for orbital soft tissue DTI
parameters (PFA< 0.01, PMD = 0.050), whereas gender was
the influencing factor which affect orbital soft tissue MD only
(P = 0.017) (Table 6).

DISCUSSION

In this study, comparing TAO patients with the HC ones, the
FA of the EOMs and LG were significantly lower, while the
MD were significantly higher. This result was in agreement
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TABLE 4 | DTI parameters of orbital soft tissue and clinical parameters in the normal, mild and moderate-to-severe TAO groups.

Parameters Normal Mild Moderate-to- severe F-value P-value P-value

a b c

Lateral rectus FA 0.487 ± 0.066 0.463 ± 0.042 0.441 ± 0.028 6.569 0.002 0.094 0.001 0.066

MD (× 10–2 mm2/s) 0.157 ± 0.015 0.163 ± 0.008 0.166 ± 0.010 4.293 0.017 0.075 0.005 0.301

Medial rectus FA 0.490 ± 0.058 0.473 ± 0.060 0.442 ± 0.029 6.775 0.002 0.273 0.001 0.017

MD (×10–2 mm2/s) 0.154 ± 0.017 0.156 ± 0.008 0.163 ± 0.010 4.998 0.009 0.558 0.006 0.021

Lacrimal gland FA 0.400 ± 0.049 0.386 ± 0.031 0.370 ± 0.030 3.911 0.024 0.264 0.008 0.112

MD (×10–2 mm2/s) 0.134 ± 0.004 0.137 ± 0.008 0.141 ± 0.008 5.523 0.006 0.159 0.002 0.071

Clinical parameters CAS 0 (0, 0) 2.00 (1.00, 2.00) 4.00 (3.00, 5.00) 51.884 <0.001 0.001 <0.001 0.002

Exophthalmometry(mm) 13.1 ± 0.8 18.2 ± 2.9 19.7 ± 3.0 35.927 <0.001 <0.001 <0.001 0.051

Intraocular pressure (mmHg) 14.6 ± 2.7 17.9 ± 3.1 18.2 ± 4.0 6.687 0.002 0.005 0.001 0.701

Numeric data are reported as means ± standard deviations. Continuous data are reported as median (interquartile range). Statistical significance was indicated by
p-values < 0.05.
HC, healthy control group; TAO, thyroid-associated ophthalmopathy; FA, fractional anisotropy; MD, mean diffusivity.
a, normal compared to mild; b, norma compared to moderate-to-severe; c, Mild compared to moderate to severe.
Bonferroni correction P< 0.05/3 = 0.017.

TABLE 5 | Correlations matrix of orbital soft tissue DTI parameters.

DTI-FA DTI-MD

Medial rectus Lateral rectus Lacrimal gland Medial rectus Lateral rectus Lacrimal gland

DTI-FA Medial rectus r = 0.360
P = 0.002

r = 0.005
P = 0.967

Lateral rectus r = −0.215
P = 0.066

Lacrimal gland

DTI-MD Medial rectus r = 0.237
P = 0.042

r = 0.129
P = 0.274

Lateral rectus r = −0.188
P = 0.109

Lacrimal gland

FA, fractional anisotropy; MD, mean diffusivity.

TABLE 6 | Multivariate logistic regression analysis results for predicting impact to orbital soft tissue DTI parameters.

Parameters β coefficient SE Odds ratio(95% CI) p-value

Orbital soft tissue FA values Disease severity −0.637 10.315 1.708(−86.812 to −45.667) <0.001

Gender −0.122 15.924 1.022(−52.461 to 11.058) 0.198

Age 0.123 0.614 2.134(−0.466 to 1.983) 0.221

Orbital soft tissue MD values Disease severity −0.236 29.629 2.023(−118.256 to −0.069) 0.050

Gender −0.275 45.742 2.200(−203.268 to −20.808) 0.017

Age 0.032 1.763 1.606(−3.043 to 3.991) 0.789

SE, standard error; CI, confidence interval; FA, fractional anisotropy; MD, mean diffusivity.

with the findings of previous studies (Chen H.H. et al., 2020;
Chen et al., 2021). Moreover, comparing mild TAO patients with
moderate-severe patients, the medial rectus’ FA were dramatically
lower while its MD were higher. Previous studies (Abdel Razek
et al., 2017) have found that the medial rectus was more affected
than the lateral rectus muscle; therefore, our research suggests
that DTI can well detect microstructural changes in the medial
rectus of TAO patients.

DTI is a non-invasive MRI technology which is very
sensitive to water molecules’ micromovement. Thus, it
can provide quantitative information of water molecule
diffusion movement (Jeon et al., 2018). Common parameters
of DTI include FA and MD values. The MD can reflect

the magnitude of water diffusion dominated by interstitial
space. Researchers found an inverse correlation between
tumor cells and MD values (Razek et al., 2018; Abdel
Razek et al., 2019). FA can represent the directionality of
water molecules, hence it can reflect tissue’s integrity of
microstructural architectures (Gholizadeh et al., 2019). The
FA value is a number between 0 and 1. It is equal to 0 under
isotropic conditions, and it approaches 1 in case of extreme
directional inequality.

TAO patients’ orbital soft tissues were thought to experience
two phase: the initial acute inflammation is characterized by
hyaluronic acid accumulation and mononuclear inflammatory
cell infiltration. Subsequently, chronic inactive phase was
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featured with interstitial fibrosis, and fatty infiltration (Taylor
et al., 2020). In our study, most TAO patients were in the
active phase. During this phase, the mononuclear cell infiltration,
fibroblast proliferation and edema in EOMs and LG causes an
increase in the extracellular space, which also enhances the ability
of water molecules to diffuse. Since MD reflects the magnitude of
water diffusion, an escalating trend of MD values can be acquired.
The acute inflammation stage is also associated with cell lysis
and fibrous disruption (Men et al., 2021). FA can reflect integrity
of microstructural architectures, as mentioned. In our research,
EOMs and LG of TAO patients exhibited lower FA compared
with those in HCs.

In our study, the correlations matrix of orbital soft tissue
DTI parameters revealed that the DTI parameters of the EOMs
had a positive correlation, however, there was no correlation
between the LG and the EOMs. This result indicates that in the
process of mononuclear cell infiltration, fibroblast proliferation,
and edema in EOMs, the medial rectus and the lateral rectus affect
each other. The interaction between the extraocular muscles
and the lacrimal gland in the development of the disease is not
obvious. Several previous researches (Lee et al., 2018; Razek et al.,
2019; Chen H.H. et al., 2020; Chen et al., 2021) have examined
extraocular muscles and lacrimal gland DTI separately, but these
studies did not discuss the relevance of orbital soft tissue in the
development of the disease. In addition, as previous studies state
(Cao et al., 2021; Neag and Smith, 2021), TAO mainly involves
orbital fat, extraocular muscles, and lacrimal gland. In this study,
we placed the lacrimal gland and extraocular muscles in the same
picture, that is the orbital soft tissues, and we calculated their
DTI parameters. Multivariate analysis along with clinical factors
revealed that disease severity significantly impacted orbital soft
tissue DTI parameters. We believe it is a unique finding which
has not yet been discovered.

Several previous studies have focused on the use of functional
MRI technique, such as measuring EOMs or LG apparent
diffusion coefficient (ADC) values, to diagnose TAO (Abdel
Razek et al., 2017; Feeney et al., 2020; Chen et al., 2021). Other
studies have mainly focused on assessing disease activity and
predicting the response to glucocorticoid therapy using methods
such as calculating the T1 mapping or T2 mapping values of
EOMs (Das et al., 2019; Chen L. et al., 2020; Hu et al., 2021).
Few reports have focused on functional MRI of orbital soft tissue
in patients with different severities of TAO. To our knowledge,
accurately staging for patients with TAO is crucial for clinical
decision making, especially for moderate-severe TAO patients
(Farag et al., 2021). In this research, DTI parameters of the medial
rectus are sensitive imaging indicators, which could distinguish
mild from moderate-severe TAO patients.

Our study had several limitations. First, the study cohort of
this study was relatively small, so expanding the sample size
in future studies is necessary. Second, No common standard
has been settled for DTI acquisition technology and for post-
processing. This may lead to poor compatibility among different
research results. In addition, since the scan for DTI sequence
is axial, the lack of information on inferior EOMs might be a
major drawback of our study. We will continue to optimize the
DTI sequence in future studies. Furthermore, the patients were
not followed up after their treatment in this study, and these
patients will also be included in the future, so we can have a more
comprehensive understanding of TAO.

CONCLUSION

In conclusion, our results suggest that DTI technology can well
detect the changes in orbital soft tissue microstructure. It can also
provide more objective imaging biological indicators for clinical
applications. DTI parameters of the medial rectus, especially
the FA of medial EOMs, can serve as an effective indicator of
disease severity.
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Objectives: To simulate hemodynamic changes after extraluminal compression in
pulsatile tinnitus (PT) patients with a prominent transverse-sigmoid sinus junction (PTSJ).

Methods: One patient-specific case was reconstructed based on computed
tomography venography (CTV) images of a PT patient. The compression degree served
as a new index in this study. Cases with 10, 20, 30, 40, 50, 60, 70, 80, and 90%
of the compression degree of the control subject were constructed. Steady-state
computational fluid dynamics (CFD) were assessed. The wall pressure distribution, wall
maximum pressure (Pmax) and flow pattern (velocity streamlines and velocity vector) of
the PTSJ were calculated to evaluate hemodynamic differences among all cases.

Results: With increasing compression, the wall pressure at the compression point and
downstream of the PTSJ decreased but increased upstream. When the compression
degree exceeded 70%, the upstream pressure increased significantly. Above 50%
compression, the blood flow pattern downstream of the sigmoid sinus tended to spiral,
especially after 80% compression. Beyond 60% compression, the blood flow pattern
under the compression axis became more medial.

Conclusion: Mechanical compression of PTSJ changes wall pressure and blood flow
patterns. The degree of compression should be carefully observed to avoid possible
complications or reoccurrence.

Keywords: pulsatile tinnitus, cranial venous sinuses, compression degree, computational fluid dynamics (CFD),
hemodynamics

INTRODUCTION

Pulsatile tinnitus (PT) is a kind of rhythmic, conscious or even objective noise that is often
transmitted to the ear through the temporal bone or vascular structures; the frequency is mostly
consistent with the heartbeat. The noise often occurs in childbearing women and has varying
degrees of negative impact on the work and life of patients, resulting in insomnia, irritability,
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anxiety, depression and even suicide. PT can be classified as
arterial or venous according to the vascular origin, and venous
origin is much more common (Dong et al., 2015; Han et al., 2017).
Venous PT can be reduced or eliminated by compression on the
affected side of the neck. There are many known causes of venous
PT, including ipsilateral venous outflow dominance, transverse
sinus stenosis, sigmoid sinus abnormalities (diverticulum, wall
dehiscence, and enlargement), emissary vein enlargement, and
high jugular bulb localization (Krishnan et al., 2006; Han et al.,
2017; Zhao et al., 2020). According to the above different causes,
the commonly used surgical methods include stent placement in
stenosis, diverticulum restoration, bone wall reconstruction, vein
ligation, and so on.

Although previous studies (Guo and Wang, 2015; Hsieh
and Wang, 2020) have suggested that a prominent transverse-
sigmoid sinus junction (PTSJ) is one of the causes of PT,
related reports are limited. In recent years, it has been reported
that extraluminal sigmoid sinus angioplasty (ESSA) was used
to resolve PT caused by a PTSJ (Wee et al., 2012; Guo and
Wang, 2015; Kim et al., 2016), and computational fluid dynamics
(CFD) was used to simulate the changes in hemodynamics
before and after surgery (Hsieh and Wang, 2020). Although the
prognosis is good after this surgical treatment, the compression
degree on the enlargement area is determined by the subjective
feeling of patients under local anesthesia, and no objective
studies on the influence of different compression degrees on the
hemodynamics of the PTSJ have been reported to date. Therefore,
for PT caused by a PTSJ, relevant research on hemodynamic
changes with different surgical compression degrees at this
stage is lacking.

In this study, based on the images of one PT case caused
by a PTSJ, we used the finite element method to construct
models with different compression degrees to perform CFD
simulation and analyze the hemodynamic changes in the PTSJ.
The inlet velocity was set according to the real blood flow
velocity measured by 4D Flow magnetic resonance (MR).
To qualitatively and quantitatively evaluate the hemodynamic
differences in the enlargement area with different compression
degrees, the vessel wall pressure distribution, maximum wall
pressure (Pmax) and blood flow pattern (velocity streamlines and
velocity vectors) were calculated. The aim was to provide a basis
for the degree of ESSA.

MATERIALS AND METHODS

Patient Information and Study Design
The medical data used in this study were obtained from our
institution and were provided with the patient’s consent. This
study was based on a 29-year-old female who presented with a
2-year history of left-sided PT. The noise could be eliminated
by compressing the ipsilateral jugular vein. The otoscopic and
audiometric evaluations were normal. Computed tomography
venography (CTV) and magnetic resonance venography (MRV)
revealed ipsilateral venous outflow dominance and a PTSJ. The
definition of PTSJ (Figure 1) was based on a study by Hsieh and
Wang (2020).

FIGURE 1 | Imaging features of a prominent transverse-sigmoid sinus junction
(PTSJ). The PTSJ is located between the blue lines indicating inlet flow (I) and
outlet flow (O). The red line (J) indicates the largest PTSJ area.

TABLE 1 | Cases with different compression degrees and the depth of blood
vessels after compression.

Case number Compression degree (%) Depth of PTSJ (mm)

Control 0 15

1 10 13.5

2 20 12

3 30 10.5

4 40 9

5 50 7.5

6 60 6

7 70 4.5

8 80 3

9 90 1.5

PTSJ, prominent transverse-sigmoid sinus junction.

Imaging Features
Computed tomography venography images were obtained
by a 256-slice spiral CT scanner (Philips Medical Systems,
Netherlands), and the CTV data consisted of 231 slices
(512 × 512 pixels; slice thickness, 0.625 mm) in Digital Imaging
and Communications in Medicine format. Iodinated non-ionic
contrast material was applied to display the lumen of the
transverse sinus to the jugular vein on CTV images. The patient
underwent MRV and 4D Flow scans using a 3.0 T MR scanner
(Philips, Ingenia, Netherlands). All visualization, assessment and
interpretation of 4D Flow data was performed using dedicated
GT Flow 2.2.15 software (GyroTools, Switzerland).

Vascular Model Construction
A preliminary 3D geometric vessel model was reconstructed
using Mimics 20.0 software (Materialise, Belgium), including
the left transverse sinus, sigmoid sinus and jugular vein. The
processed case was imported into Freeform and Geomagic
Studio software (Geomagic, North Carolina, United States) for
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FIGURE 2 | Vessel wall pressure distribution in each case at the prominent transverse-sigmoid sinus junction (PTSJ).

smoothing, and the obtained model was taken as the control
subject. The enlargement depth was measured using SolidWorks
2018 software (Dassault systems, Paris, France). The depth was
defined as the distance from the highest point on the lateral
section of the PTSJ to the lowest point on the inner section.
All models with different compression degrees were assembled
by SolidWorks. Based on the control subject, the simulated
exposed surgical field was established referring to research by
Hsieh and Wang (2020), when drawing an ellipse with a short
axis and a long axis of 10 and 15 mm, respectively, perpendicular
to the enlargement depth. The simulated degree of surgical
compression was quantified by depth. With the enlargement
depth as the reference line, nine groups of models with different
compression degrees from 10 to 90% in increments of 10% were
set along the line. The names of cases with different compression
degrees and the depth of blood vessels after compression are
shown in Table 1.

Computational Models and Simulations
All steps in this section were completed by using the components
of ANSYS 2020 R1 software (ANSYS, Inc., Cecil Township,
PA, United States). The standard tessellation language format
models from SolidWorks were imported into Workbench for
Boolean subtraction modeling and then imported into Fluent
for meshing, allowing adaptive polyhedral 3D meshing of high
quality. Three boundary layers were generated to resolve the
flow field at the fluid-wall interface. To confirm the applicable
grid size, the average wall pressure of the PTSJ (colored area in
Figure 2) was used as the criterion for the grid-independence
test. An error of less than 5% was acceptable. A steady-state
CFD calculation was performed, the boundary condition of the
inlet was set at 0.30 m/s, which was based on the real blood
flow velocity measured by 4D Flow MR, and the boundary
condition of the outlet was set at 0 absolute pressure. A total
of 877,448 elements were developed, and they were sufficient
for this study. The maximum element size of each case was
set to 0.3 mm. The vessel wall was assumed to be rigid, with
no-slip conditions. The blood was assumed to be a laminar,

FIGURE 3 | Maximum wall pressure (Pmax ) in each case at the prominent
transverse-sigmoid sinus junction (PTSJ).

isotropic, homogeneous and incompressible Newtonian fluid
with a viscosity of 0.0035 Pa/s and density of 1,050 kg/m3.
The conservation of mass and momentum for the Navier-
Stokes equation, solved with Fluent, was used as the governing
equation for calculations. The convergence precision was set
at 10−3. Based on the CFD simulation results, several flow
parameters were calculated and colored by Ensight according
to distribution and magnitude to evaluate the effects of model
hemodynamics quantitatively. These parameters included the
wall pressure distribution, Pmax, average wall pressure (Pavg),
flow streamlines, velocity vector, maximum velocity (Vmax) and
average velocity (Vavg).

RESULTS

Vessel Wall Pressure
Figure 2 shows the vessel wall pressure distribution at the PTSJ.
In the control subject, the wall pressure of the PTSJ was greater
than that of the surrounding area. This finding is consistent
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TABLE 2 | Quantitative values of wall pressure and velocity of the PTSJ with
different compression degrees.

Case Pmax (Pa) Pavg (Pa) Vmax (m/s) Vavg (m/s)

Control 293.7 191.5 0.45 0.13

1 332.5 194.6 0.53 0.14

2 375.0 193.9 0.54 0.15

3 400.0 195.8 0.52 0.15

4 422.9 200.4 0.50 0.16

5 430.7 203.6 0.49 0.17

6 429.1 204.7 0.46 0.18

7 445.0 215.8 0.46 0.19

8 452.6 224.0 0.51 0.23

9 508.7 242.5 0.62 0.30

Pmax , wall maximum pressure; Pavg, wall average pressure; Vmax , maximum
velocity; Vavg, average velocity.

with previous studies and suggested that increased vessel wall
pressure at the PTSJ was a significant cause of PT (Huang et al.,
2020; Mu et al., 2020). With increasing compression degree,
the wall pressure at the compression point and downstream of
the PTSJ decreased, but the wall pressure upstream of the PTSJ
slightly increased. The quantitative results (Figure 3 and Table 2)
clearly show that the wall pressure changed non-linearly with
increasing compression. In addition, Figure 2 shows that when
the compression degree reached 70%, the wall pressure increased
prominently, especially at the upstream transverse sinus side.

Blood Flow Pattern
Figure 4 shows the velocity streamlines of the PTSJ. The
streamlines in cases 1–4 were similar to those in the control
subjects. When the compression degree exceeded 50%, the blood
through the compression area showed eccentric flow, which
led to the gradual transition of blood flow downstream of the
compression area from laminar to spiral, especially when the
compression degree reached 80%.

Figure 5 shows the velocity vectors of the PTSJ. After the
compression degree increased to 60%, the high-speed blood
flow in the lateral area downstream of the compression site
gradually moved toward the medial region, the lateral blood flow
pattern was more turbulent than before, and the overall blood
flow velocity downstream was faster. The quantitative results are
shown in Table 2. In addition, there was a sharply defined low-
velocity blood flow area immediately below the compression site
in cases 2–4, causing local blood flow stasis.

DISCUSSION

A PTSJ is known as the most vulnerable site for venous PT
(Guo and Wang, 2015; Kim et al., 2016). Because of the sharp
angle between the transverse sinus and sigmoid sinus (Xue et al.,
2012; Kim et al., 2016; Zhao et al., 2016; Huang et al., 2020; Mu
et al., 2020), local irregular blood flow and increased wall pressure
easily occur. This blood flow impacts and erodes the adjacent
temporal bone, resulting in sigmoid sinus wall dehiscence and
subsequently producing noise. Therefore, it is important to

observe the hemodynamic changes in blood flow in this position.
The literature (Cho et al., 2012; Wee et al., 2012; Kim et al., 2016)
indicates that high venous blood perfusion is one of the causes
of PT. Considering that the blood flow is proportional to the
fourth power of the radius (Poiseuille’s law), when the asymmetry
between the bilateral venous sinuses is significant, the dominant
side may receive almost all the venous blood flow (Roos, 1962).
This feature may lead to slow progressive erosion of the bony
wall adjacent to the PTSJ (Cho et al., 2012), and the diameter of
the PTSJ may gradually increase (Kim et al., 2016). Therefore, in
this study, we selected a PT patient with a PTSJ on the affected
side and the dominant side of venous sinus returns to construct
relevant models for CFD simulation analysis.

The effect and hemodynamic changes of ESSA on PT induced
by a PTSJ have been confirmed by relevant studies (Wee et al.,
2012; Guo and Wang, 2015; Kim et al., 2016; Hsieh and Wang,
2020). However, this study is the first to objectively simulate
the effect of different degrees of surgical compression on the
hemodynamics of the PTSJ. In this study, 10 finite element
models with different compression degrees were constructed for
CFD simulation and analysis. We found that the hemodynamics
of the PTSJ were significantly affected by different degrees of
surgical compression. With increasing compression, the wall
pressure upstream of the compression site increased non-linearly.
When the compression degree was greater than 70%, the wall
pressure at the PTSJ increased significantly. Moreover, with
increasing compression, the blood flow velocity accelerated
downstream of the compression site, and the blood flow pattern
gradually changed into a spiral shape, significantly changing after
the degree of compression reached 80%. These results show that
the hemodynamic changes at the PTSJ are significant when the
surgical compression degree is large, so the compression degree
should be carefully planned.

The vessel wall pressure is the most representative
hemodynamic parameter of PT. The PTSJ is known as the
most vulnerable site for venous PT. Previous studies (Tian
et al., 2017; Mu et al., 2020) have shown that increased wall
pressure at the PTSJ may lead to the occurrence or recurrence
of sigmoid sinus wall dehiscence and PT. The results of our
study show that the pressure at the compression site decreased,
which is consistent with the findings of Hsieh and Wang’s (2020)
study, which demonstrated that venous sinus compression
at the site of wall dehiscence can reduce the pressure and
eliminate PT. However, when the degree of compression
reached 70%, the pressure upstream of the compression site
increased significantly. It is hypothesized that this increase
may be related to the different compression methods and other
factors, such as irregular compression morphology, inaccurate
compression depth and orientation in the actual operation.
Therefore, from the perspective of intravascular hemodynamics,
it can be inferred that excessive compression is not only not
conducive to the elimination of PT but also leads to a wider
range of wall dehiscence in the long term. In addition, the
mechanism of excessive compression is similar to that of vein
ligation and may increase the risk of other complications,
such as increased intracranial pressure, contralateral PT and
neurological symptoms (Jackler et al., 2001). The compression
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FIGURE 4 | Velocity streamlines in each case at the prominent transverse-sigmoid sinus junction (PTSJ).

FIGURE 5 | Velocity vectors in each case at the prominent transverse-sigmoid sinus junction (PTSJ). The red circles represent the blood stasis area.

degree in a previous study (Guo and Wang, 2015) mostly
ranged from 46–69% and did not exceed 70%, with a good
curative effect, which is indirectly consistent with the results
of this study. These findings suggest that when choosing
ESSA, the degree of compression should not be excessive
(70%) to avoid adverse effects on the veins themselves and
related complications.

It has also been considered that turbulence in blood vessels
is one of the important causes of PT (Tian et al., 2017; Hsieh
and Wang, 2020). In this study, the lateral blood flow of the
PTSJ in the control subject was stable laminar flow, which is
not involved in the pathogenesis of PT. This finding is different
from that reported by Hsieh and Wang (2020), which showed
a local turbulence pattern. This difference may be related to
the different shapes and expansion degrees of the PTSJ. When
the compression degree was less than 50%, the blood flow
pattern was almost unchanged. This may be indirectly consistent

with the literature (Guo and Wang, 2015), which indicates that
the therapeutic effect on PT is the best when the degree of
compression is 46–69% and that a patient with a compression
degree of only 30% experiences no relief. However, spiral blood
flow gradually appeared downstream of the sigmoid sinus when
the degree of compression continued to increase, especially when
the degree of compression reached 80%. After the normal laminar
flow transforms into a spiral blood flow, the blood flow pattern,
direction and velocity change, which affects the vascular wall
and stimulates vascular endothelial remodeling (Kruger-Genge
et al., 2019). In the long run, this may cause PT recurrence or
other vascular diseases. Therefore, we should avoid long-term
injury caused by excessive compression. In addition, our results
also revealed an interesting phenomenon; when the degree of
compression was 20–40%, there was a sharp, low-speed, blood
stasis area below the compression site, potentially leading to long-
term thrombosis. Although real compression does not produce
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an absolutely sharp edge in the area of compression, there are still
similar slightly smooth areas. Thus, this condition plays a certain
role in clinical practice.

There are some limitations to this study. First, all models are
based on one special patient. Although this approach cannot
fully represent the characteristic changes of related cases, the
construction of the case morphology and the selection of the
boundary conditions are consistent with the real situation. The
sample size should be increased for further verification in future
work. Second, this study evaluated the effect of simulated surgery,
and there was a certain gap with the real surgical state. In follow-
up work, the simulation process will be optimized to be as close
as possible to the actual situation. Third, the setting of boundary
conditions in CFD simulation affects the results, but it does not
hinder the horizontal comparison in our research. Final, although
venous wall pressure and spiral flow have an important impact on
PT, they cannot be used as direct evidence for the elimination or
aggravation of PT. We will conduct multi physical field coupling
analysis in subsequent research.

CONCLUSION

Different degrees of surgical compression produce different
pressure fields and flow fields closely related to PT. In this study,
although there was no unified threshold to simulate the effects of
different compression degrees on the characteristics of vascular
wall pressure, blood flow pattern and velocity, it was found
that when the compression degree increased, the hemodynamics
of the PTSJ exhibited significant abnormal changes. Excessive
upstream wall pressure, accelerated blood flow velocity and spiral
blood flow instead of laminar flow cause immediate or long-
term effects on blood vessels, potentially leading to surgical
failure or PT recurrence. Therefore, for PT patients with a PTSJ,

it is necessary to avoid excessive compression when deciding
to perform ESSA.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Beijing Friendship Hospital, Capital Medical
University. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

XQ, CD, XL, and NX collected the clinical and imaging data.
XQ, PZ, and ZM performed the experiment. XQ drafted the
manuscript. ZW, PZ, HD, and BG designed the study and
ensured the questions related to all aspects of the work. ZY
and SG gave critical comments on the manuscript. All authors
contributed to the article and approved the submitted version.

FUNDING

This study was supported by grant nos. 61931013 and 82171886
from the National Natural Science Foundation of China and no.
(2015)160 from the Beijing Scholar Program.

REFERENCES
Cho, I. K., Jung, J. Y., Yoo, D. S., and Suh, M. W. (2012). 3-Dimensional

reconstruction of the venous system in patients suffering from pulsatile tinnitus.
Acta Otolaryngol. 132, 285–289. doi: 10.3109/00016489.2011.631190

Dong, C., Zhao, P. F., Yang, J. G., Liu, Z. H., and Wang, Z. C. (2015). Incidence
of vascular anomalies and variants associated with unilateral venous pulsatile
tinnitus in 242 patients based on dual-phase contrast-enhanced computed
tomography. Chin. Med. J. 128, 581–585. doi: 10.4103/0366-6999.151648

Guo, P., and Wang, W. Q. (2015). Degree of sigmoid sinus compression and
the symptom relief using magnetic resonance angiography in venous pulsating
tinnitus. Clin. Exp. Otorhinolaryngol. 8, 111–116. doi: 10.3342/ceo.2015.8.2.111

Han, Y., Yang, Q., Yang, Z., Xia, J., Su, T., Yu, J., et al. (2017). Computational
fluid dynamics simulation of hemodynamic alterations in sigmoid sinus
Diverticulum and Ipsilateral upstream sinus stenosis after stent implantation in
patients with pulsatile tinnitus. World Neurosurg. 106, 308–314. doi: 10.1016/j.
wneu.2017.06.168

Hsieh, Y. L., and Wang, W. (2020). Extraluminal sigmoid sinus angioplasty: a
pertinent reconstructive surgical method targeting Dural Sinus Hemodynamics
to resolve pulsatile tinnitus. Otol. Neurotol. 41, e132–e145. doi: 10.1097/MAO.
0000000000002464

Huang, S., Li, X., Xue, X., Qiu, X., Mu, Z., Fu, M., et al. (2020). Hemodynamic study
of the therapeutic effects of the different degrees of sigmoid sinus diverticulum
reconstruction on patients.Med. Eng. Phys. 86, 8–15. doi: 10.1016/j.medengphy.
2020.10.008

Jackler, R. K., Brackmann, D. E., and Sismanis, A. (2001). A warning on venous
ligation for pulsatile tinnitus. Otol. Neurotol. 22, 427–428. doi: 10.1097/
00129492-200105000-00036

Kim, C. S., Kim, S. Y., Choi, H., Koo, J. W., Yoo, S. Y., An, G. S., et al. (2016).
Transmastoid reshaping of the sigmoid sinus: preliminary study of a novel
surgical method to quiet pulsatile tinnitus of an unrecognized vascular origin.
J. Neurosurg. 125, 441–449. doi: 10.3171/2015.6.JNS15961

Krishnan, A., Mattox, D. E., Fountain, A. J., and Hudgins, P. A. (2006). CT
arteriography and venography in pulsatile tinnitus: preliminary results. Am. J.
Neuroradiol. 27, 1635–1638.

Kruger-Genge, A., Blocki, A., Franke, R. P., and Jung, F. (2019). Vascular
endothelial cell biology: an update. Int. J. Mol. Sci. 20:4411. doi: 10.3390/
ijms20184411

Mu, Z., Qiu, X., Zhao, D., Li, X., Fu, M., Liu, Y., et al. (2020). Hemodynamic
study on the different therapeutic effects of SSWD resurfacing surgery on
patients with pulsatile tinnitus. Comput. Methods Prog. Biomed. 190:105373.
doi: 10.1016/j.cmpb.2020.105373

Roos, A. (1962). Poiseuille’s law and its limitations in vascular systems. Med.
Thorac. 19, 224–238. doi: 10.1159/000192223

Tian, S., Wang, L., Yang, J., Mao, R., Liu, Z., and Fan, Y. (2017). Sigmoid sinus
cortical plate dehiscence induces pulsatile tinnitus through amplifying sigmoid
sinus venous sound. J. Biomech. 52, 68–73. doi: 10.1016/j.jbiomech.2016.12.012

Wee, J. H., Song, J. J., Koo, J. W., and Kim, C. S. (2012). Increased intracranial
pressure after surgical treatment of pulsatile tinnitus from a prominent sigmoid
sinus. Otol. Neurotol. 33, e41–e42. doi: 10.1097/MAO.0b013e318245cb22

Frontiers in Human Neuroscience | www.frontiersin.org 6 February 2022 | Volume 16 | Article 823455111

https://doi.org/10.3109/00016489.2011.631190
https://doi.org/10.4103/0366-6999.151648
https://doi.org/10.3342/ceo.2015.8.2.111
https://doi.org/10.1016/j.wneu.2017.06.168
https://doi.org/10.1016/j.wneu.2017.06.168
https://doi.org/10.1097/MAO.0000000000002464
https://doi.org/10.1097/MAO.0000000000002464
https://doi.org/10.1016/j.medengphy.2020.10.008
https://doi.org/10.1016/j.medengphy.2020.10.008
https://doi.org/10.1097/00129492-200105000-00036
https://doi.org/10.1097/00129492-200105000-00036
https://doi.org/10.3171/2015.6.JNS15961
https://doi.org/10.3390/ijms20184411
https://doi.org/10.3390/ijms20184411
https://doi.org/10.1016/j.cmpb.2020.105373
https://doi.org/10.1159/000192223
https://doi.org/10.1016/j.jbiomech.2016.12.012
https://doi.org/10.1097/MAO.0b013e318245cb22
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-16-823455 February 10, 2022 Time: 15:59 # 7

Qiu et al. Compression Effects on Hemodynamics in PTSJ

Xue, J., Li, T., Sun, X., and Liu, Y. (2012). Focal defect of mastoid bone shell in
the region of the transverse-sigmoid junction: a new cause of pulsatile tinnitus.
J. Laryngol. Otol. 126, 409–413. doi: 10.1017/S0022215111003458

Zhao, P., Ding, H., Lv, H., Li, X., Qiu, X., Zeng, R., et al. (2020). CT venography
correlate of transverse sinus stenosis and venous transstenotic pressure gradient
in unilateral pulsatile tinnitus patients with sigmoid sinus wall anomalies. Eur.
Radiol. 31, 2896–2902. doi: 10.1007/s00330-020-07415-2

Zhao, P., Lv, H., Dong, C., Niu, Y., Xian, J., and Wang, Z. (2016). CT evaluation of
sigmoid plate dehiscence causing pulsatile tinnitus. Eur. Radiol. 26, 9–14.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Qiu, Zhao, Mu, Dai, Li, Xu, Ding, Gong, Yang, Gao and Wang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 7 February 2022 | Volume 16 | Article 823455112

https://doi.org/10.1017/S0022215111003458
https://doi.org/10.1007/s00330-020-07415-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnins-16-833937 March 4, 2022 Time: 11:45 # 1

ORIGINAL RESEARCH
published: 08 March 2022

doi: 10.3389/fnins.2022.833937

Edited by:
Yu-Chen Chen,

Nanjing Medical University, China

Reviewed by:
Xiuxiu Qin,

Southern Medical University, China
Wen-Qing Shi,

Fudan University, China
Jyothilakshmi Vasavan,

Algonquin College, Canada
Vijaya Prakash Krishnan Muthaiah,
University at Buffalo, United States

*Correspondence:
Xin Huang

2017103020035@whu.edu.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Perception Science,
a section of the journal

Frontiers in Neuroscience

Received: 12 December 2021
Accepted: 31 January 2022
Published: 08 March 2022

Citation:
Jin H, Chen R-B, Zhong Y-L,

Lai P-H and Huang X (2022) Effect
of Impaired Stereoscopic Vision on

Large-Scale Resting-State Functional
Network Connectivity in Comitant

Exotropia Patients.
Front. Neurosci. 16:833937.

doi: 10.3389/fnins.2022.833937

Effect of Impaired Stereoscopic
Vision on Large-Scale Resting-State
Functional Network Connectivity in
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Background: Comitant exotropia (CE) is a common eye movement disorder,
characterized by impaired eye movements and stereoscopic vision. CE patients
reportedly exhibit changes in the central nervous system. However, it remains unclear
whether large-scale brain network changes occur in CE patients.

Purpose: This study investigated the effects of exotropia and stereoscopic
vision dysfunction on large-scale brain networks in CE patients via independent
component analysis (ICA).

Methods: Twenty-eight CE patients (mean age, 15.80 ± 2.46 years) and 27 healthy
controls (HCs; mean age, 16.00 ± 2.68 years; closely matched for age, sex, and
education) underwent resting-state magnetic resonance imaging. ICA was applied
to extract resting-state networks (RSNs) in both groups. Two-sample’s t-tests were
conducted to investigate intranetwork functional connectivity (FC) within RSNs and
interactions among RSNs between the two groups.

Results: Compared with the HC group, the CE group showed increased intranetwork
FC in the bilateral postcentral gyrus of the sensorimotor network (SMN). The CE group
also showed decreased intranetwork FC in the right cerebellum_8 of the cerebellum
network (CER), the right superior temporal gyrus of the auditory network (AN), and the
right middle occipital gyrus of the visual network (VN). Moreover, functional network
connectivity (FNC) analysis showed that CER-AN, SMN-VN, SN-DMN, and DMN-VN
connections were significantly altered between the two groups.

Conclusion: Comitant exotropia patients had abnormal brain networks related to the
CER, SMN, AN, and VN. Our results offer important insights into the neural mechanisms
of eye movements and stereoscopic vision dysfunction in CE patients.

Keywords: comitant exotropia, independent component analysis, resting-state networks, functional connectivity,
functional network connectivity, fMRI
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INTRODUCTION

Comitant exotropia (CE) is a common eye movement disorder,
characterized by ocular deviation and impaired stereoscopic
vision function; CE affects 1.0% of all children (Govindan
et al., 2005). Impaired stereoscopic vision is an important
clinical manifestation of CE (Feng et al., 2015). Binocular vision
is an important physiological basis for stereoscopic vision.
Symmetrical eye positioning allows considerable visual field
overlapping between eyes, which is essential for both binocular
and stereoscopic vision (Chopin et al., 2019). CE patients
exhibit impaired stereoscopic vision because of anomalous
retinal correspondence for the same object in both eyes. The
fundamental nature of stereoscopic vision depends on good
vision in both eyes, good oculomotor control, and intact cortical
mechanisms (Li et al., 2017). Moreover, central nervous system
function is important for stereoscopic vision.

Stereoscopic vision is a fundamental aspect of human
visual function. The visual cortex has an important role in
maintaining stereoscopic vision. Neuroimaging studies have
shown that the medial temporal lobe plays important roles
in stereoscopic depth processing (Backus et al., 2001; Chen
et al., 2020). Moreover, the dorsal visual pathway is involved
in stereoscopic depth processing (Goncalves et al., 2015). Ban
et al. (2012) demonstrated that the dorsal stream is important
for binocular vision fusion, while Zheng et al. (2020) found
that the dorsal visual regions showed predominant advantages
in decoding the disparities present in three-dimensional images.
Furthermore, stereoscopic vision is closely related to gray and
white matter structures in the brain. Numerous cortical areas are
reportedly involved in binocular disparity processing (Ohzawa
et al., 1990; Parker, 2007). Abed Rabbo et al. (2018) describe
extensive white matter connections between the visual areas
and the lateral geniculate nucleus within stereoscopic visual
areas. Prins et al. (2017) found that volumetric decreases
in the superior lateral occipital cortices are associated with
depth perception in monocularly blind patients. Oishi et al.
(2018) demonstrated that stereoscopic depth discrimination is
involved in dorsoventral communication through the vertical
occipital fasciculus. Gillebert et al. (2015) found that the right
posterior inferior temporal cortex and right premotor cortex
are responsible for three-dimensional shape processing. The
aforementioned studies showed that stereoscopic vision is closely
related to specific brain structures and functions. However, the
effects of impaired stereoscopic vision on large-scale resting-
state functional network connectivity (FNC) have not been
explored in CE patients.

The human brain exhibits blood oxygenation level-dependent
(BOLD) signals in the resting state. Low-frequency fluctuations
(<0.01 Hz) in resting-state BOLD signals reflect spontaneous
neural activity and imply spatiotemporal correlations in
functional networks (Auer, 2008). Low-frequency fluctuations
are closely related to several physiological functions including
motor (Biswal et al., 1995), vision (Oke et al., 2010), and
higher cognitive function (Kong et al., 2016). The low-
frequency fluctuations (<0.01 Hz) in BOLD signals reportedly
correspond to functionally relevant resting-state networks

(RSNs) (e.g., visual, sensorimotor, auditory, default mode,
executive, and salience) (Damoiseaux et al., 2006; Smith et al.,
2009). The independent component analysis (ICA) method
is a powerful data-driven approach for the identification of
independent patterns in multivariate data (van de Ven et al.,
2004). Importantly, the ICA method does not require a preset
seed point, compared with resting-state functional connectivity-
based seed points. Moreover, the ICA method has been
successfully used to investigate changes in neurophysiological
mechanisms that occur in neurological diseases (Du et al., 2015;
Chen et al., 2019). To our knowledge, the effects of impaired
stereoscopic vision on large-scale resting-state FNC have not
been investigated in CE patients.

This study was performed to investigate how impaired
stereoscopic vision influences large-scale resting-state FNC in
CE patients. We hypothesized that CE patients might exhibit
widespread RSN changes involving VNs and vision-related
supporting networks. Our findings might provide new insights
into the mechanisms of RSN changes that contribute to impaired
stereoscopic vision in CE patients.

MATERIALS AND METHODS

Participants
Twenty-eight CE patients and twenty-seven healthy controls
(HCs) were recruited from Jiangxi Provincial People’s Hospital,
The First Affiliated Hospital of Nanchang Medical College. The
diagnostic criteria of CE patients were as follows: (1) comitant
exotropia, exodeviation angles between 15 and 801; (2) without
a history of strabismus surgery; (3) participant should have
undergone fusional control score, Worth 4-dot test, and Titmus
stereopsis test.

The exclusion criteria of CE individuals in the study were
as follows: (1) additional ocular-related complications (e.g.,
cataract, glaucoma, high myopia, or optic neuritis); (2) sensory
exotropia, fixed exotropia; and (3) concomitant exotropia was
associated with amblyopia.

Magnetic Resonance Imaging
Acquisition
Magnetic resonance imaging (MRI) scanning was performed
on a 3-T magnetic resonance scanner (Discovery MR 750W
system; GE Healthcare, Milwaukee, WI, United States) with
eight-channel head coil. Functional images were obtained by
using a gradient-echo-planar imaging sequence. All the subjects
were instructed to rest quietly with their eyes closed and relaxed
without thinking about anything in particular or falling asleep.
Whole-brain T1 weights were obtained with three-dimensional
brain volume imaging (3D-BRAVO) MRI with the following
parameters: repetition time [TR]/echo time [TE] = 8.5/3.3,
thickness = 1.0 mm, no intersection gap, acquisition
matrix = 256 × 256, field of view = 240 mm × 240 mm,
and flip angle = 12◦. Functional images were obtained
by using a gradient-echo-planar imaging sequence with
the following parameters: TR/TE = 2,000 ms/25 ms,
thickness = 3.0 mm, gap = 1.2 mm, acquisition matrix = 64 × 64,
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flip angle = 90◦, field of view = 240 mm × 240 mm, voxel
size = 3.6 mm × 3.6 mm × 3.6 mm, and 35 axial slices.

fMRI Data Analysis
All pre-processing was performed using the toolbox for Data
Processing and Analysis of Brain Imaging (DPABI1) (Yan
et al., 2016), which is based on Statistical Parametric Mapping
(SPM12)2 implemented in MATLAB 2013a (MathWorks, Natick,
MA, United States) and briefly the following steps: (1) Remove
the first 10 volumes. (2) Slice timing effects, motion corrected.
For head motion parameters, more than 2 mm or for whom
rotation exceeded 1.5◦ during scanning were excluded (Van Dijk
et al., 2012). (3) Normalized data [in Montreal Neurological
Institute (MNI) 152 space] were re-sliced at a resolution of
3 mm × 3 mm × 3 mm. (4) Spatial smoothing by convolution
with an isotropic Gaussian kernel of 6 mm × 6 mm × 6 mm full
width at half maximum.

Group Independent Component Analysis
Group ICA was performed to decompose the data into
independent components (ICs) using the GIFT toolbox (version
3.0b).3 First, 31 IC maps were estimated in this study using
the minimum description length criterion to adjust for spatial
correlation. Second, the ICs for each subject were derived from
the group ICA back-reconstruction step and were converted into
z-scores (Zuo et al., 2010). Components retained for further
analysis among the 31 estimated ICs were selected based on the
largest spatial correlation with specific RSN templates (Shirer
et al., 2012; Wang et al., 2014). The IC time courses and spatial
maps for each subject were transformed to z-scores. Fourteen
RSNs were identified in this study.

Intranetwork Functional Connectivity
Analysis
The intranetwork FC was represented by the z−score of each
voxel, which reflects the degree to which the time series of
a given voxel correlates with the mean time series of its
corresponding component.

Functional Network Connectivity
Analysis
The FNC analysis was performed using the MANCOVAN
toolbox in GIFT software to explore changes in the predefined
14 spatial IC pairs of functional connections. First, at 0.01–
0.15 Hz, de-trend, de-peak, and low-pass filtering were performed
on the selected IC. Then, the pair correlations of these ICs were
calculated and transformed using Fisher’s Z-transform.

Statistical Analysis
Spatial Maps for Each of the Resting-State Networks
The ICs corresponding to fourteen RSNs were extracted from
all subjects. Fourteen of these components coincided with

1http://www.rfmri.org/dpabi
2http://www.fil.ion.ucl.ac.uk
3http://icatb.sourceforge.net/

RSNs, namely, IC1 (LECN, left executive control network);
IC5 (DAN, dorsal attention network); IC6 (CER, cerebellum
network); IC8 (RECN, right executive control network); IC12
(VN1, visual network1); IC13 (DMN1, default mode network1);
IC18 (SN, salience network); IC22 (SMN, sensorimotor network);
IC23 (AN, auditory network); IC24 (VN2, visual network2);
IC26 (VN3, visual network3); IC27 (DMN2, default mode
network2); IC29 (VN4, visual network4); and IC30 (DMN3,
default mode network3).

Intranetwork Functional Connectivity Analysis
Two-sample’s t-tests were used to compare differences between
the two groups in the intranetwork FC within RSN maps; the
Gaussian random field method was used to correct for multiple
comparisons and regressed covariates of age and sex using SPM12
software. Group comparisons were masked to the voxels within
corresponding RSNs (two-tailed, voxel-level p < 0.01, Gaussian
random field correction, cluster-level p < 0.05).

Internetwork Functional Connectivity Analysis
Internetwork functional connectivity analysis was used to
calculate temporal relationships between RSNs. Corresponding
to the significant correlation combinations, the average time lags
were calculated for each group; these represented the amount of
delay between time courses of two correlated RSNs. Two-sample’s
t-tests were used to compare distinct temporal relationships
between RSNs between the two groups (p < 0.05, uncorrected).

RESULTS

Demographics and Visual Measurements
There were no significant differences in the gender and age
between the groups (Table 1).

Identifications of the Resting-State
Networks
The group ICA approach automatically generated 31 ICs. The
typical spatial patterns in each RSN of both CE and HC groups are
illustrated in Figure 1. Fourteen of these components coincided
with RSNs, namely, IC1 (LECN, left executive control network);
IC5 (DAN, dorsal attention network); IC6 (CER, cerebellum
network); IC8 (RECN, right executive control network); IC12

TABLE 1 | Demographics and visual measurements between two groups.

Condition CE group HC group T-values P-values

Gender (male/female) (15/13) (15/12) N/A N/A

Comitant category Congenital
exotropia

N/A N/A N/A

Age (years) 15.80 ± 2.46 16.00 ± 2.68 −0.240 0.812

Handedness 28 R 27 R N/A N/A

Independent t-test for the other normally distributed continuous data
(means ± SD).
CE, comitant exotropia; HC, healthy control.
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FIGURE 1 | The typical spatial patterns in each RSN of both CE and HC
groups, including IC1(LECN), IC5(DAN), IC6(CER), IC8(RECN), IC12(VN1),
C13(DMN1), IC18(SN), IC22(SMN), IC23(AN), IC24(VN2), IC26(VN3),
IC27(DMN2), IC29(VN4), and IC30 (DMN3). Scale represents T-values with a
range of 1–17.6 in each RSN. CE, comitant exotropia; HC, healthy control;
lECN, left executive control network; DAN, dorsal attention network; CER,
cerebellum network; RECN, right executive control network; VN, visual
network; DMN, default mode network; SN, salience network; SMN,
sensorimotor network; AN, auditory network.

(VN1, visual network1); C13 (DMN1, default mode network1);
IC18 (SN, salience network); IC22 (SMN, sensorimotor network);
IC23 (AN, auditory network); IC24 (VN2, visual network2);
IC26 (VN3, visual network3); IC27 (DMN2, default mode
network2); IC29 (VN4, visual network4); and IC30 (DMN3,
default mode network3).

FIGURE 2 | Brain regions with significant differences for five RSNs in the CE
group vs. the HC group (two-tailed, voxel-level p < 0.01, GRF correction,
cluster-level p < 0.05). Compared with the HC group, cool colors indicated
the decreased functional connectivity and hot colors indicated the increased
functional connectivity in the CE group. The pictures correspond to different
resting-state networks. CER, SMN, AN and VN. CE, comitant exotropia; HC,
healthy control; CER, cerebellum network; SMN, sensorimotor network; AN,
auditory network; VN, visual network.

Abnormal Intranetwork Functional
Connectivity Changes Between Groups
Compared with the HC group, the CE group showed increased
intranetwork FC in the bilateral postcentral gyrus of the SMN.
Meanwhile, the PD group showed decreased intranetwork FC in
the right cerebelum_8 of the CER, the right superior temporal
gyrus of the AN, and the right middle occipital gyrus of the VN
(Figure 2 and Table 2) (two-tailed, voxel-level p < 0.01, GRF
correction, cluster-level p < 0.05).

Functional Network Connectivity
Analysis
The markers indicate significant functional connection between
networks IC1 (LECN), IC5 (DAN), IC6 (CER), IC8 (RECN),
IC12 (VN1), C13 (DMN1), IC18 (SN), IC22 (SMN), IC23 (AN),
IC24 (VN2), IC26 (VN3), IC27 (DMN2), IC29 (VN4), and
IC30 (DMN3) (p < 0.05, uncorrected). Matrix shows differences
of internetwork functional connectivity between two groups
(Figures 3A,B). Significance and direction following two-sample
t-tests (CE-HC) on each pairwise correlation are depicted as
the −sign(t val)log10(p val) (Figure 3C); the CER-AN, SMN-
VN, SN-DMN, and DMN-VN connections were found to be
significantly altered between two groups (p < 0.05) (Figure 3D).
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TABLE 2 | Different intranetwork FC of RSNs between two groups.

Condition RSN Brain regions BA Peak T-scores MNI coordinates (x, y, z) Cluster size (voxels)

CE < HC CER Right Cerebelum_8 – −4.6045 15, −63, −39 177

CE > HC SMN Bilateral postcentral gyrus – 4.2861 24, −51, 54 152

CE < HC AN Right Superior Temporal Gyrus 40 −4.6977 51, −27, 18 96

CE < HC VN Right Middle Occipital Gyrus 19 −4.3329 39, −75, 27 88

The statistical threshold was set at the voxel level with p < 0.01 for multiple comparisons using Gaussian random-field theory (voxel-level p < 0.01, GRF correction,
cluster-level p < 0.05). T-score represents the statistical value of peak voxel showing the differences in FC between the two groups.
CE, comitant exotropia; HC, healthy control; FC, functional connectivity; RSNs, resting-state networks; BA, Brodmann area; MNI, Montreal Neurologic Institute; CER,
cerebellum network; SMN, sensorimotor network; AN, auditory network; VN, visual network.

DISCUSSION

To our knowledge, this is the first study to investigate the
effects of impaired stereoscopic vision on large-scale resting-state
FNC in CE patients using the ICA method. Compared with the
HC group, the CE group showed increased intranetwork FC
in the bilateral postcentral gyrus of the SMN; it also showed
decreased intranetwork FC in the right cerebellum_8 of the
CER, the right superior temporal gyrus of the AN, and the right
middle occipital gyrus of the VN. Moreover, CER-AN, SMN-VN,
SN-DMN, and DMN-VN connections were significantly altered
between the two groups.

Altered Intranetwork Functional
Connectivity in the Comitant Exotropia
Group
The CE group showed decreased intranetwork FC in the right
cerebellum_8 of the CER. The CER is closely related to movement
and balance functions. Moreover, the cerebellum is important
for controlling eye movements and binocular disparity (Gulyas
and Roland, 1994; Versino et al., 1996; Beh et al., 2017). Ouyang
et al. (2017) reported that comitant strabismus patients showed
changes in gray matter volume in the left cerebellum. Musazadeh
et al. (2004) reported that cerebellar tumors caused esotropia.
Leguire et al. (2011) demonstrated that patients with idiopathic
infantile nystagmus syndrome exhibited significant activation
increases in the declive of the cerebellum. Consistent with
these prior reports, we found that the CE group had decreased
functional connectivity in the right cerebellum_8 of the CER,
which might lead to impaired eye movement and binocular
vision in CE patients.

Notably, the CE group exhibited increased intranetwork FC
in the bilateral postcentral gyrus of the SMN. The postcentral
gyrus (i.e., the sensorimotor gyrus) has an important role
in proprioception, which implies involvement in providing
sensory information that helps to control voluntary movement.
Sweeney et al. (2007) demonstrated that sensorimotor brain
systems have critical roles in eye movement control, while van
Beers et al. (2001) reported that sensorimotor integration is
involved in the localization of static objects during smooth
pursuit eye movements. Sensorimotor function is also closely
related to the formation of stereovision (Ringach et al., 1996).
Here, we found that CE patients showed decreased functional
connectivity within the SMN, which might lead to the impaired
eye movements and stereoscopic vision observed in such patients.

The AN is located in the temporal lobe, which is involved
in auditory information processing. The CE group showed
decreased intranetwork FC in the right superior temporal
gyrus of the AN. There are close relationships between the
visual and auditory systems; cross-modal interactions between
these systems have been observed in patients with vision loss
(Collignon et al., 2007; Lunghi et al., 2014). Petrus et al.
(2015) demonstrated that vision loss contributes to cross-
modal interactions between the primary auditory and visual
cortices. To our knowledge, no studies have shown that the
loss of stereovision might contribute to auditory dysfunction. In
the present study, the CE group showed decreased functional
connectivity within the AN, which might lead to the loss of
stereoscopic vision and thus contribute to auditory dysfunction.
In the future, we plan to investigate the underlying neural
mechanism of AN dysfunction in CE patients.

Furthermore, we found that the CE group showed decreased
intranetwork FC in the right middle occipital gyrus of the
VN. The VN is located in the occipital cortex, which is
involved in visual information processing. Wong et al. (2005)
revealed metabolic suppression in the visual cortices of strabismic
macaques (Economides et al., 2021). Additionally, Yan et al.
(2019) reported that CE patients had increased functional
connectivity between the primary visual cortex and other brain
areas. Yang et al. (2014) found that the infantile esotropia group
showed lower BOLD signals in the left cingulate gyrus, bilateral
precuneus, and left angular gyrus during a visual stimulus,
compared with controls. Yan et al. (2010) reported that adult
strabismus patients had decreased white matter volumes in the
right middle occipital gyrus and right occipital lobe/cuneus.
Consistent with these prior reports, we also found that the CE
group showed decreased functional connectivity within the VN.

Finally, FNC analysis showed that CER-AN, SMN-VN, SN-
DMN, and DMN-VN connections were significantly altered
between the two groups. We speculate that altered interactions
among these networks might lead to RSN compensation in CE
patients with stereoscopic vision loss.

Some limitations should be acknowledged in this study. First,
the sample size of CE patients in our study was small. Second,
RSN values based on fMRI signals would still be affected by
physiological noise, such as cardiac and respiratory activity.

CONCLUSION

Comitant exotropia patients had abnormal brain networks
related to the CER, SMN, AN, and VN. Our results offer
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FIGURE 3 | The functional connectivity correlation matrix between all RSNs. The color scale represents the value of the correlations. Warm color represents positive
correlations, and cold color represents anti–correlations. The markers indicate significant functional connection between networks IC1(LECN), IC5(DAN), IC6(CER),
IC8(RECN), IC12(VN1), C13(DMN1), IC18(SN), IC22(SMN), IC23(AN), IC24(VN2), IC26(VN3), IC27(DMN2), IC29(VN4), and IC30 (DMN3) (p < 0.05 uncorrected).
(A,B) Matrix shows differences of internetwork functional connectivity between two groups. (C) Significance and direction following two–sample’s t–tests (CE–HC) on
each pairwise correlation are depicted as the –sign (t value) log10 (p value); the CER-AN, SMN-VN, SN-DMN, and DMN-VN connections were found to be
significantly altered between two groups (p < 0.05). (D). CE, comitant exotropia; HC, healthy control; lECN, left executive control network; DAN, dorsal attention
network; CER, cerebellum network; RECN, right executive control network; VN, visual network; DMN, default mode network; SN, salience network; SMN,
sensorimotor network; AN, auditory network.

important insights into the neural mechanisms of eye movements
and stereoscopic vision dysfunction in CE patients.
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Alterations in dural venous sinus hemodynamics have recently been suggested as the
major contributing factors in venous pulsatile tinnitus (PT). Nevertheless, little is known
about the association between real-time alterations in hemodynamics and the subjective
perception of venous PT. This study aimed to investigate the hydroacoustic correlations
among diverticular vortices, mainstream sinus flow, and PT using various Doppler
ultrasound techniques. Nineteen venous PT patients with protrusive diverticulum were
recruited. The mainstream sinus and diverticular hemodynamics before and after
ipsilateral internal jugular vein (IJV) compression were investigated using an innovative
retroauricular color-coded Doppler (RCCD) method to examine the correlation between
the disappearance of PT and hemodynamic alterations. To reveal the hydroacoustic
characteristics of disparate segments of venous return, a computational fluid dynamics
(CFD) technique combined with the transcranial color-coded Doppler method was
performed. When the ipsilateral IJV was compressed, PT disappeared, as the mean
velocity of mainstream sinus flow and diverticular vortex decreased by 51.2 and 50.6%,
respectively. The vortex inside the diverticulum persisted in 18 of 19 subjects. The CFD
simulation showed that the flow amplitude generated inside the transverse–sigmoid
sinus was segmental, and the largest flow amplitude difference was 20.5 dB. The
difference in flow amplitude between the mainstream sinus flow and the diverticular flow
was less than 1 dB. In conclusion, the sensation of PT is closely associated with the flow
of kinetic energy rather than the formation of a vortex, whereby the amplitude of PT is
correlated to the magnitude of the flow velocity and pressure gradient. Additionally, the
range of velocity reduction revealed by the RCCD method may serve as a presurgical
individual baseline curative marker that may potentially optimize the surgical outcomes.

Keywords: pulsatile tinnitus, Doppler ultrasound, transcranial Doppler (TCD) ultrasonography, sigmoid sinus wall
anomalies, diverticulum, computational fluid dynamics

Frontiers in Human Neuroscience | www.frontiersin.org 1 June 2022 | Volume 16 | Article 862420121

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://www.frontiersin.org/journals/human-neuroscience#editorial-board
https://doi.org/10.3389/fnhum.2022.862420
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnhum.2022.862420
http://crossmark.crossref.org/dialog/?doi=10.3389/fnhum.2022.862420&domain=pdf&date_stamp=2022-06-15
https://www.frontiersin.org/articles/10.3389/fnhum.2022.862420/full
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-16-862420 June 9, 2022 Time: 16:48 # 2

Gao et al. Transcranial Doppler for Pulsatile Tinnitus

INTRODUCTION

Vascular pulsatile tinnitus (PT) is an abnormal perception of
pulse-synchronous vascular somatosounds (Kim et al., 2016; Lee
et al., 2020). Venous PT represents the largest demographic
among the vascular origins of PT (Dong et al., 2015). Venous
PT is characterized by the reduction or elimination of a
vascular sound when the ipsilateral internal jugular vein (IJV)
is compressed (Mattox and Hudgins, 2008; Grewal et al., 2014).
In addition, anatomical abnormalities related to the structural
integrity of the sigmoid plate and the vascular shape are often
revealed using imaging modalities (Dong et al., 2015; Cummins
et al., 2021; Ding et al., 2021).

Sigmoid sinus wall anomalies (SSWAs) are the most identified
findings in patients with venous PT (Dong et al., 2015).
SSWAs refer to sigmoid sinus wall dehiscence and sigmoid
sinus diverticulum. Without the bolster of the overlying sigmoid
plate, a diverticulum forms when the sigmoid sinus vascular
wall protrudes into the mastoid air cells and/or the mastoid
cortex (Eisenman et al., 2018; Mu et al., 2022). Given the
increase in flow velocity, sinus flow carries higher kinetic energy
in the transverse–sigmoid junction region after releasing from
transverse sinus stenosis (TSS; Hewes et al., 2020; Zhao et al.,
2021a). A high degree of TSS can further exacerbate the trans-
stenotic pressure gradient of the transverse sinus, which impairs
intracranial pressure that may be less relevant to the production
of PT (Zhao et al., 2021a,b). Additionally, studies have suggested
that high wall pressure and wall shear stress induced by TSS may
underpin the development of SSWAs (Hsieh and Wang, 2020;
Mu et al., 2022), and the recent discovery of bone remodeling
of the dehiscent sigmoid plate after excluding hemodynamic
pathologies via endoluminal stenting surgery supports this
postulation (Qiu et al., 2021a).

Despite the diverse anatomical anomalies, ipsilateral IJV
compression has served as a diagnostic criterion and surgical
indication for venous PT (Grewal et al., 2014; Guo and Wang,
2015; Li et al., 2021). This maneuver pinpoints a cause-and-effect
relationship between the restriction of venous outflow and the
diminution of PT (Wang et al., 2019; Hsieh and Wang, 2020),
even though the correlation between PT symptomology and sinus
hemodynamics has not been quantified hitherto. In addition to
the volumetric asymmetry and high sinus flow velocity that are
commonly discovered in PT subjects with SSWAs, some authors
also speculated that a regional complex vortical flow structure
might engender PT (Hsieh and Wang, 2020; Mu et al., 2020;
Li et al., 2021). Considering that (a) the velocity profile varies
among individuals with venous PT and (b) vortical flow structure
emanates from the transverse–sigmoid junction with or without
diverticulum (Mu et al., 2020; Ding et al., 2021; Hsieh et al.,
2021a; Li et al., 2021; Qiu et al., 2021b), it is, however, unclear
how the velocity and diverticular vortex affect the hydroacoustic
production of PT and how fluctuations in the cross-sectional area
of the transverse–sigmoid sinus lumen affect the flow acoustics.

Previous studies have implemented a Doppler ultrasound to
capture in vivo hydroacoustic characteristics of PT by sensing
the bilateral IJV outflow, in which the motion of IJV outflow
displayed a high degree of resemblance to the patient’s PT

(Hsieh et al., 2021b). As the Doppler sampling depth and
volume are adjustable, the vascular Doppler ultrasound has the
advantage over unfolding the hemodynamics and flow acoustics
at different regions of interest in simultaneity. Henceforth, the
transcranial Doppler examination of the transverse–sigmoid
sinus system may shed light on the hydroacoustic characteristics
of mainstream sinus flow and diverticular vortex, which has not
been attempted on subjects with venous PT in previous literature.

This study aimed to crystallize the quantitative correlation
between PT and hemodynamics by combining the application
of various Doppler techniques. Furthermore, we proposed
the retroauricular color-coded Doppler (RCCD) ultrasound
technique that allows a short-range insonation of the mainstream
sinus and diverticular flows via the eroded mastoid cortical bone
window. This technique has not been documented in previous
literature and can be implemented in junction with ipsilateral
IJV compression to unravel the hydroacoustic characteristics
of mainstream sinus flow and diverticular vortex. Additionally,
quantification of the simultaneous reduction of PT and outflow
velocity may serve as a prospective indicator for surgical
intervention, which can help clinicians establish the correct scope
of surgery and optimize therapeutic outcomes.

MATERIALS AND METHODS

Patient Clinical Data and Study Design
This retrospective study recruited 19 venous PT patients with
a protrusive diverticulum who underwent RCCD ultrasound
examination. All participants were treated at the Otology and
Skull Base Surgery Center of the Eye, Ear, Nose, and Throat
Hospital at Fudan University from October 2020 to April
2022. The clinical diagnosis of venous PT included prudent
cervical Doppler ultrasound and IJV compression, a water
occlusion test, and radiological imaging [computed tomography
(CT)/contrast-enhanced CT venogram and magnetic resonance
(MR) venogram/contrast-enhanced MR venogram]. The
inclusion criteria were strict radiological evidence of SSWAs and
a positive response to IJV compression guided by color-coded
Doppler visualization. The exclusion criteria included a non-
venous origin of PT (arterial and arteriovenous causes of PT),
PT secondary to intracranial/cervical neoplasms, and systemic
diseases such as anemia and hyperthyroidism.

Schematic diagrams of the RCCD and transcranial color-
coded Doppler (TCCD) techniques and their relative anatomical
structures are shown in Figure 1. The diagnosis of venous PT
was ascertained by the reduction or disappearance of the PT
during IJV compression. SSWAs were defined based on the
criteria described by Eisenman et al. (2018): (1) dehiscence:
consecutive three 0.6 mm axial CT cuts in the absence of a
sigmoid plate with an osseous structure overlying the sigmoid
sinus vessel wall; and (2) diverticulum: outward protrusion of an
irregularly shaped sigmoid sinus vascular wall into the mastoid
air cells or the mastoid cortex. In the TSS measurement, the
largest and smallest cross-sectional areas of the transverse sinus
lumen on each side were measured between the proximal end
(the intersecting point of the confluens sinuum and the superior
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FIGURE 1 | Schematic diagrams of RCCD and TCCD application. (A) Assessment of hydroacoustics and PT using RCCD and IJV compression. (B) The TCCD
technique for hemodynamic assessment of contralateral transverse sinus. RCCD, retroauricular color-coded Doppler; TCCD, transcranial color-coded Doppler; and
PT, pulsatile tinnitus; IJV.C., internal jugular vein compression.

sagittal sinus) and the distal end (0.5 mm prior to the transverse–
sigmoid junction) using MR venogram images via the software
Mimics 19.0 (Materialise, Belgium). The normalized degree of
TSS was scaled based on [Eq. (1)]:

TSSnormalized =
cross.areamax − cross.areamin

cross.areamax
, (1)

where cross.areamax and cross.areamin indicate the largest and
smallest cross-sectional areas of the ipsilateral transverse sinus
lumen, respectively.

The index of TSS (ITSS) was used based on the Carvalho
criteria (Da Silveira Carvalho et al., 2017) [Eq. (2)]:

ITSS= degree of left TSS×degree of rightTSS. (2)

The degree of TSS was categorized into five distinctive scorings,
where a score of 0 indicated normal, 1 indicated stenosis up
to one-third (<33%), 2 indicated stenosis between one-third
and two-thirds (33–66%), 3 indicated stenosis over two-thirds
(>66%), and 4 indicated transverse sinus hypoplasia. Transverse
sinus hypoplasia was defined as stenosis of 40% of the entire
length of the transverse sinus (Durst et al., 2016).

Retroauricular Color-Coded Doppler
Technique and Modulation of Pulsatile
Tinnitus/Hemodynamics
An innovative RCCD technique was proposed to examine the
mainstream sinus and diverticular flow characteristics at the
transverse–sigmoid junction. RCCD was performed using the
LISENDO 880 ultrasound system and Arietta 60 ultrasound
system (Hitachi Aloka Medical Ltd., Japan) with S121 (5–1 MHz)
and L441 (12–2 MHz) transducers in a silent room. Participants
were asked to lie in a supine position. The transducer was
placed in the retroauricular skin tissue above the diverticulum
for insonation. Prior to Doppler insonation, sonologists carefully
measured the 3D shape, size, and depth of the diverticulum and
its relative anatomical landmarks using CT and MR venography
to localize the diverticulum.

To reveal mainstream sinus and diverticular hydroacoustics,
the coronal and sagittal footage of the diverticulum can be

visualized using the B-mode (flow and anatomical features are
shown in Figure 2). Due to the heterogeneity of participants,
a thin layer of the remnant bony structure of the mastoid may
present as the second layer of high-signal intensity interpolated
between the lateral diverticulum and the medial mainstream.
This can be a helpful reference landmark for differentiating the
diverticulum from mainstream sinus lumen. After insonating
using the color mapping mode, the mainstream sinus flow
and diverticular flows can be appreciated, and the range
and border of the sinus flow can be cross-referenced using
CT/MR venogram images. Notably, the relative position of
the mainstream sinus flow and the diverticular flow depends
on the anterosuperior, anteroinferior, or lateral direction of
the diverticular protrusion. Once the mainstream sinus and
diverticular flows were both detected in simultaneity, the
location of insonation was unchanged throughout all procedures
of measurement. Following the initial RCCD examination,
modulation of IJV outflow was performed by the first co-author
(Y-LH) to assess changes in the intrasinus hemodynamics and
PT. To obtain hemodynamics when PT subsides, the Doppler
velocity spectra and hemodynamic parameters were acquired
after the reduction of velocity stabilized at least five cardiac
cycles during the ipsilateral IJV compression. The compression
time was controlled within 15 s to prevent any potential
adverse effects. The sampling volume was set within the detected
vessel and adjusted from 1 to 3 mm. The depth was adjusted
between 3 and 4.5 cm based on the intrasubject variability. The
velocity range was modified based upon the individual sinus
flow velocity. The transducer frequency was 4.0∼5.22 MHz. The
color-Doppler gain was then adjusted to range from 20–120
until the pulsatile flow could be fully observed, while the
surrounding subcutaneous tissue remained virtually free of color.
The mean flow velocity (Vmn), peak velocity (Vmax), flow volume,
resistive index, and pulsatility index at the transverse–sigmoid
junction were obtained.

Bilateral Jugular Vein Hemodynamics
The procedures used to obtain bilateral cervical hemodynamics
were identical to our previously described methods
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FIGURE 2 | Visualization and insights of the RCCD ultrasound method. (A; 1) Coronal RCCD continuous wave mode view of the mainstream sinus and diverticular
flows. The transparent arrow indicates mainstream sinus flow diversion into the diverticulum. Div. indicates diverticulum; MS indicates mainstream sinus flow. (2) A
2D-planar cross-sectional view of the diverticulum and the mainstream sinus anatomical structures. MC indicates mastoid cortex; RB indicates the remnant mastoid
bone; MVW indicates the medial vascular wall; and DM indicates the layers of dura mater. (3) Coronal CT view of the diverticulum and sigmoid sinus corresponding
to the representative 2D ultrasonographic view. (4) Coronal 2D time-of-flight magnetic resonance imaging of the diverticulum and sigmoid sinus corresponding to the
representative 2D ultrasonographic view. (B) A 2D-planar axial view of the diverticulum and mainstream sinus anatomical structures. MC indicates the mastoid
cortex; RB indicates the remnant mastoid bone; MVW indicates the medial vascular wall; and DM indicates the layers of the dura mater. (1) A 2D-planar
cross-sectional view of the diverticulum and mainstream sinus anatomical structures. MC indicates the mastoid cortex; RB indicates the remnant mastoid bone;
MVW indicates the medial vascular wall; and DM indicates the layers of the dura mater. (2) Axial RCCD continuous wave mode view of the mainstream sinus and
diverticular flows. The gray arrow indicates the flow direction from the transverse sinus to the sigmoid sinus. Div. indicates diverticulum; MS indicates mainstream
sinus flow. (3) An axial CT view of the diverticulum and sigmoid sinus corresponding to the representative 2D ultrasonographic view. (4) Axial 2D time-of-flight
magnetic resonance imaging of the diverticulum and sigmoid sinus corresponding to the representative 2D ultrasonographic view.

(Hsieh et al., 2021b). In brief, the hemodynamics of the upper
bilateral IJV were gaged at the mandibular region at the level of
the skull base using a sonographic transducer L441 with a center
frequency of 2–12 MHz. Bilateral hemodynamic parameters were
obtained, including the Vmn, Vmax, flow volume, resistive index,
and pulsatility index.

Transcranial Color-Coded Doppler
Technique
A LISENDO 880 ultrasound system (Hitachi Aloka Medical
Ltd., Japan) with transducer S121 was used to measure the
hemodynamics of the ipsilateral transverse sinus. A contralateral
bone window was used to examine the ipsilateral transverse
sinus. The contralateral skeletal contour became visible after
increasing the depth of the B-mode. A low-flow-sensitive color
program with a low-wall-filter setting was used. The depth
was adjusted approximately between 10 and 15 cm based on
the individual differences. The velocity range of detection was
adjusted approximately from 0 to 66.84 cm/s based on individual
sinus flow velocity. The sample volume was set from 1 to
3 mm based on the width of the detected vessel, as appropriate.
The transducer frequency ranged approximately from 1.5 to
1.88 MHz, and the color gain was modified between 20–120 until
the contour of transverse sinus flow can be fully appreciated. To
locate the transverse sinus using the contralateral temporal bone
window, the great cerebral vein is instantly discovered behind
the pineal gland, where the rostral part of the superior sagittal

sinus can be successively exposed. The straight sinus is exposed
by tilting the transducer upward to align the insonation plane
with the apex of the cerebellar tentorium. The torcular herophili
can be found by tracing the course of the straight sinus that
drains posteriorly into the occipital region. Consequently, the
transverse sinus is located. Doppler examination of the ipsilateral
transverse–sigmoid sinus is demonstrated in Figure 3.

Hydroacoustic Computational Fluid
Dynamics Simulation
To demonstrate and compare the ipsilateral transverse–
sigmoid sinus flow and acoustic fields to the Doppler results,
the computational fluid dynamics (CFD) technique was
implemented in a participant with a complete proximal
TCCD/RCCD sinus flow profile (case 3). Reconstruction
of the participant’s 3D vascular models was based on
patient-specific MR venogram images using Mimics 19.0
and 3-Matic 11.0 (Materialise, Belgium), analogous to our
previously described methods (Hsieh and Wang, 2020). The
contralateral transverse–sigmoid sinus and branches of the
sinus were removed.

For the simulation of the flow field, a total of 456,231
elements were established using ANSA version 22.0.1 (BETA
CAE Systems), in which 10 layers with a boundary layer thickness
of 0.4 mm were created for the flow field. There were 63,506
elements where three layers with a boundary layer thickness of
0.1 mm were established for the acoustic simulation. The outlet
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FIGURE 3 | Transcranial, retroauricular, and cervical color-coded Doppler methods to assess hydroacoustics of the transverse–sigmoid sinus system. (A)
Visualization and velocity spectrum of the proximal transverse sinus flow using the TCCD. (B) Visualization and velocity spectrum of the diverticular flow using the
RCCD. (C) Visualization and velocity spectrum of the mainstream intrasinus flow using the RCCD. (D) Visualization and velocity spectrum of the upper internal
jugular flow using the RCCD.

pressure was set to zero. The flow velocity inlet was set based on
the TCCD flow spectrum. The continuity equation and Navier–
Stokes equations [Eqs (3, 4)] were solved using the transient
laminar method with the software Star-CCM+ 2020 (Siemens,
Germany):

∇ · u= 0 (3)

ρ
∂u
∂t
+ ρu · ∇u=−∇p+µ∇2u, (4)

where u is the velocity vector of the incompressible Newtonian
blood flow, the blood density ρ is 1,050 kg/m3, and the dynamic
viscosity µ is 0.00345 Pa s. The results of the grid independence
tests are shown in Table 1. The average velocity of the IJV outflow
was selected as the criterion for generating a sufficient grid size
and number. The relative error of average outflow velocity was
less than 5%, which was considered acceptable for this study.

Computation of the hydroacoustic source using unsteady CFD
data was achieved using the software Actran 2020 (MSC, Free
Field Technology, Belgium). The workflow of the CFD method,
which consists of five major steps, is illustrated in Figure 4.
A quadrupole sound source was set up for the transformation
of the pressure fluctuation and flow velocity. For incompressible
CFD computations, only the velocity field is required (Free
Field Technologies, 2020). The observed frequency range was
0–1,000 Hz. The reference pressure was set at 20 µPa. Three
pulsatory cycles were calculated, and the second pulsatory cycle
was chosen for data presentation.

Based on the manual instruction of Actran, the
implementation of variational formulations of Lighthill’s
analogy derived by Oberai et al. (2000), starting with Lighthill’s
equation based on Actran user’s guide (Free Field Technologies,
2020), is given as follows [Eq. (5)]:

∂2

∂t2
(ρ− ρ0)− c2

0
∂2

∂xi∂xj
(ρ− ρ0) =

∂2Tij

∂xi∂xj
, (5)

where Tij is the Lighthill tensor [Eq. (6)]:

Tij = ρuiuj + δij
((
p− p0

)
− c2

c (ρ−ρ0)
)
− τij, (6)

where p and ρ are pressure and density, respectively. The
reference value in the medium at rest was ρ0, δij is a Kronecker
delta, τij is the viscous stress tensor, and c0 is the reference sound
velocity. Tij is the Lighthill tensor, and ui and uj are fluid velocity
components. After a strong variational formulation of Eq. (5)
and integration by parts along with spatial derivatives following
Green’s theorem, the variational formulation of Lighthill’s

TABLE 1 | Mesh independence analysis.

Number of
volume mesh
element

Element size
(mm)

Average IJV
outlet velocity

(m/s)

Relative error
(%)

325,943 0.4 2.668164e-01 0.33%

456,231 0.3 2.675777e-01 0.04%

815,281 0.2 2.676987e-01
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FIGURE 4 | (A) The complete workflow of computational fluid dynamics (CFD) simulation. First, the pressure, density, and velocity fields output by the CFD solver
was read. Second, the contributions according to the finite element method formulation were implemented in Actran software. Third, the contributions were
projected on the acoustic mesh. Fourth, the corresponding data were stored and displayed in the Actran software. Fifth, the quantities from the time to the frequency
domain were transformed using the Fourier transform algorithm. (B) Boundary condition at the inlet section.

analogy based on the fluctuation of acoustic density ρa=ρ−ρ0
was rewritten as [Eq. (7)]:∫

�

(
∂2ρa

∂t2
δρ+ c2

c
∂ρa

∂xi
∂δρ

∂xi

)
dx

= −

∫
�

∂Tij

∂xj
∂δρ

∂xi
dx+

∫
∂�=0

∂6ij

∂xj
niδρd0(x), (7)

where δρ is a test function, � represents the computational
domain. The 6ij [Eq. (8)] is:∑

ij

= ρuiuj +
(
p−p0

)
δij − τij. (8)

The Actran software computes two source terms, volume and
surface contributions, using unsteady fluid velocity and density
fields saved in the CFD files that relate to the acoustic mesh
(Free Field Technologies, 2020). Because the vascular wall was set
to be rigid, the normal acceleration was zero, so the boundary
integral vanished. Thus, only the volume source term was
considered in this study.

Doppler Auscultation and Sonification of
Flow Sound
Doppler auscultation of the flow sound and CFD acoustics were
measured and sampled at the transverse–sigmoid mainstream
sinus flow/node 11,131 and the center of the diverticula/node
13,995 of case 3. An acoustic file containing three cycles of
duplicated representative CFD outcomes was manually created
using Adobe Audition cc 2020 (Adobe Inc.) for likeness rating

purposes. The participants were asked to rate the likeness of the
acoustic files using a visual analog score from 0 to 10. Sonification
of the PT was performed in accordance with our previous reports
using MATLAB R2017a (MathWorks). To visualize the frequency
component of the recorded venous sound, a short-time Fourier
transform [Eq. (9)] was implemented:

STFT {x [n]} (m, ω)X (τ, ω) =

∞∑
n=−∞

x [n]w [n−m] e−jωn,

(9)
where x[n] represents the sequence of discretized time-domain
signals to be transformed, m is the time index, ω is the
frequency, and w[n] denotes the sequence of discretized window
functions. The amplitude of the acoustic data was normalized for
data comparison.

Statistical Analysis
Statistical analysis was performed using RStudio software
(RStudio, Boston, MA, United States) and Origin 9.1.0 Pro
(OriginLab Corporation, Northampton, United States). The
normality of continuous data was checked using the Shapiro–
Wilk test. A two-sample t-test or the Mann–Whitney U test
was performed based on the outcome of data normality, as
appropriate. The Pearson or Spearman correlation coefficients
were computed to examine the correlations among the objective
measurements. Based on Cohen’s criteria (Cohen, 1988), the
correlation strength was defined as very strong (0.5–1.0),
moderate (0.3–0.5), or weak (<0.3). Statistical significance was
set at P < 0.05.
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RESULTS

Clinical and Radiological Characteristics
Nineteen participants (3 men and 16 women) were enrolled in
this study. Most of these participants had right-sided PT (n = 14,
73.6%). The mean age of the participants was 36.9 ± 8.2 years.
The mean PT duration was 53.0 ± 58.5 months, and the shortest
and longest duration of PT were 2 and 204 months, respectively.

Of the 19 cases, 18 of them (94.7%) had PT on the dominant
side of the transverse–sigmoid sinus system. The remaining
patient had a co-dominant bilateral transverse–sigmoid sinus
system. The average normalized degrees of TSS on the PT and
contralateral sides were 71.6 ± 14.2% (one case < 33%, three
cases = 33–66%, and 13 cases > 66%) and 72.4 ± 11.0% (three
cases = 33–66% and five cases > 66%), respectively. Contralateral
hypoplastic transverse sinuses were found in 11 (57.8%) cases.
The average ITSS was 9.4± 2.9. An empty sella was found in eight
(42.1%) participants.

Results of Retroauricular Color-Coded
Doppler
When the ipsilateral IJV was compressed, the PT completely
disappeared in all participants, and the vortex inside the
diverticulum persisted in 18 out of 19 patients. The remaining
patients’ mainstream sinus flow and diverticular flow velocity
were undetectable, that is, reduced to zero. The figures and
data of RCCD hemodynamics are shown in Figure 5 and
Table 2. The median Vmn of the mainstream sinus flow and the
diverticular flow was 40.2 (28.7/48.1) cm/s and 46.0 (34.4/63.0)
cm/s, respectively, whereas after ipsilateral IJV compression, the
median Vmn of the mainstream sinus flow and the diverticular
flow dropped to 20.6 (13.4/25.5) cm/s (38.1%) and 23.3
(20.1/36.8) cm/s (39.8%). The median Vmax of the mainstream
sinus flow and the diverticular flow was 58.8 (45.2/64.5) cm/s and
70.6 (53.7/106.8) cm/s, respectively, whereas the median Vmax
of the mainstream sinus flow and the diverticular flow was 37.6
(25.0/43.5) cm/s and 49.8 (29.4/58.9) cm/s, respectively, when the
ipsilateral IJV was compressed. There were significant differences
in the reduction of Vmn (two-sample t-test, p < 0.01) and Vmax
(Mann–Whitney U test, p < 0.01) of the mainstream sinus
flow. Additionally, a significant reduction in the Vmn (Mann–
Whitney U test, p < 0.01) and Vmax (Mann–Whitney U test,
p = 0.01) of the diverticular flow was found. The median resistive
index of the mainstream sinus flow and the diverticular flow
was 0.60 (0.57/0.75) and 0.50 (0.41/0.69), respectively. The mean
pulsatility index of the mainstream sinus flow and the diverticular
flow was 1.01 (0.66/1.32) and 0.72 (0.60/1.27), respectively. No
statistical significance was found in the resistive and pulsatility
indices when the ipsilateral IJV was compressed.

The results of the correlation between hemodynamics,
normalized TSS degree, and ITSS are shown in Table 3. There
was no significant correlation among Vmn, Vmax, and the
degree of ipsilateral TSS, indicating high heterogeneity in the
ipsilateral mainstream sinus and diverticular hemodynamics
among subjects with venous PT.

Bilateral Internal Jugular Vein Outflow
The complete hemodynamic data of the bilateral IJV are shown
in Table 4. The ipsilateral IJV outflow volume was 10.0 (6.9/11.8)
g/s, and the contralateral IJV outflow volume was 3.6 (2.4/7.7)
g/s. There was a statistically significant difference between
the ipsilateral and contralateral IJV outflow volumes (Mann–
Whitney U test, p = 0.012). The median Vmn of the ipsilateral
and contralateral IJV flow was 20.5 (15.5/24.7) cm/s and 22.7
(13.9/32.3) cm/s, respectively, (Mann–Whitney U test, p = 0.89).
The median Vmax of the ipsilateral and contralateral IJV was 27.9
(23.9/41.6) cm/s and 30.2 (21.4/46.3) cm/s, respectively, (Mann–
Whitney U test, p = 0.782). The resistive index of ipsilateral and
contralateral IJV flow was 0.45 (0.27/0.69) and 0.46 (0.33/0.64),
respectively, (Mann–Whitney U test, p = 0.629). The pulsatility
index of the ipsilateral and contralateral IJV flow was 0.64
(0.33/1.12) and 0.78 (0.41/1.12), respectively, (Mann–Whitney U
test, p = 0.565).

Hydroacoustic Outcome
The flow visualization and hemodynamics of the CFD results
are shown in Figure 6. The peak velocity of the flow field was
0.74 m/s at the TSS. The TSS, the anteroinferior portion of
the diverticulum, and the jugular bulb were regions with larger
pressure gradients. The peak pressure gradient of the ipsilateral
transverse–sigmoid sinus was 441,407.7 Pa/m. In contrast to the
pressure gradient, the wall pressure of the transverse–sigmoid
sinus gradually decreased from the inlet to the outlet, where the
peak wall pressure was 1,097.9 Pa. Regarding the diverticulum,
the greatest wall pressure appeared at the anteroinferior surface,
which coincided with the location of dehiscence.

The results of CFD acoustics are shown in Figure 7 and
Table 5. The largest peak amplitude was 86.2 dBA, found in the
TSS region. The TSS also presented the largest RMS amplitude of
67.7 dBA. In contrast, the peak and RMS amplitude of the upper
curve sigmoid sinus were 65.7 and 48.0 dBA, respectively, which
were the lowest among the observed anatomical locations. The
largest difference in the flow amplitude was 20.5 dB. The peak
amplitude at the middle diverticulum was 0.9 dBA larger than
the mainstream transverse–sigmoid sinus flow, whereas the RMS
amplitude of the mainstream transverse–sigmoid sinus flow was
1.8 dBA. The frequency of the largest peak amplitude ranged from
49.4 to 92.5 Hz.

The short-time Fourier transforms of the Doppler and
CFD acoustic data are shown in Figure 8. The patient-based
likeness scoring of the in vivo Doppler transverse–sigmoid
mainstream sinus (Supplementary Material 1) and diverticular
flows (Supplementary Material 2) were 7 and 5, whereas the
ratings of CFD acoustics of the corresponding locations were
6 (Supplementary Material 3) and 6 (Supplementary Material
4), respectively.

DISCUSSION

The RCCD technique is a newly proposed Doppler ultrasound
method for detecting mainstream sinus and diverticular
hydroacoustic characteristics at the transverse–sigmoid
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FIGURE 5 | RCCD and IJV compression examination of the association between PT and transverse–sigmoid junction hemodynamics. IJV indicates the internal
jugular vein. The yellow vertical lines indicate the RR intervals of the electrocardiogram. (A) Real-time mainstream sinus flow velocity spectrum before IJV
compression. (B) Real-time mainstream sinus flow velocity spectrum during IJV compression. (C) Real-time diverticular flow velocity spectrum before IJV
compression. (D) Real-time diverticular flow velocity spectrum during IJV compression.

junction. By conflating the RCCD technique with ipsilateral IJV
compression, the changes between PT and in vivo hemodynamics
can be investigated non-invasively. It was discovered that PT
subsided when the Vmn of sinus flow reduced by approximately
50%. From the presence to the disappearance of PT, it is

postulatsed that this quantitative range of flow velocity reduction
offers a bottom-line curative marker for both extraluminal
compression and endoluminal surgeries. However, the former
surgical technique conceivably requires less flow velocity
reduction due to the thickening of the soundproof sigmoid

TABLE 2 | Results of RCCD transverse–sigmoid junction hemodynamics of 19 participants.

Mainstream sinus flow

Mean velocity Peak velocity Resistive index Pulsatility index

cm/s cm/s Dimensionless Dimensionless

RCCD 40.2 (28.7/48.1) 58.8 (45.2/64.5) 0.60 (0.57/0.75) 1.01 (0.66/1.32)

RCCD while IJV compression 20.6 (13.4/25.5) 37.6 (25.0/43.5) 0.60 (0.51/0.78) 0.98 (0.58/1.30)

p value <0.01a <0.01b 0.953b 0.860a

Diverticular flow

Mean velocity Peak velocity Resistive index Pulsatility index

cm/s cm/s Dimensionless Dimensionless

RCCD 46.0 (34.4/63.0) 70.6 (53.7/106.8) 0.50 (0.41/0.69) 0.72 (0.60/1.27)

RCCD while IJV compression 23.3 (20.1/36.8) 49.8 (29.4/58.9) 0.55 (0.39/0.65) 0.73 (0.54/1.16)

p value <0.01b 0.01b 0.831a 0.881b

Variables are expressed as median and interquartile range.
RCCD, retroauricular color-coded Doppler method.
aTwo-sample t-test; bMann–Whitney U-test.
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TABLE 3 | Results of correlation analysis between hemodynamics and transverse sinus stenosis.

Ipsilateral normalized TSS Mainstream sinus flow Diverticular flow

Mean velocity Peak velocity Mean velocity Peak velocity

Spearman r value 0.145 0.203 – 0.115 – 0.02

Spearman p value 0.551 0.403 0.636 0.914

ITSS score

Spearman r value 0.225 0.249 0.167 0.290

Spearman p value 0.353 0.302 0.494 0.226

TSS, transverse sinus stenosis; ITSS, index of transverse sinus stenosis.
All correlation statistics were done using the Spearman correlation.

TABLE 4 | Results of bilateral internal jugular vein hemodynamics of 19 participants.

Outflow volume Mean velocity Peak velocity Resistive index Pulsatility index

g/s cm/s cm/s Non-dimensional Non-dimensional

Ipsilateral IJV 10.5 (9.3/17.9) 22.1 (16.9/31.9) 31.5 (25.2/44.2) 0.44 (0.27/0.62) 0.63 (0.33/0.99)

Contralateral IJV 4.7 (2.6/7.4) 24.4 (14.9/34.5) 33.8 (22.6/47.3) 0.46 (0.29/0.68) 0.70 (0.35/1.14)

p value <0.01 0.792 0.609 0.682 0.619

Variables are expressed as median and interquartile range.
IJV, internal jugular vein.
All statistics were done using the Mann–Whitney U-test.

wall, although the compression depth of the transverse–sigmoid
junction ought to be performed with circumspection to prevent
the iatrogenic cause of intracranial pressure (Hsieh et al., 2022;
Qiu et al., 2022). A recent clinical study revealed that sinus
flow velocity is reduced after a lumbar puncture without a
concomitant reduction in the bulk flow rate, resulting in a
3.8 ± 3.4 improvement of PT intensity on a 0–10 Likert scale
in 10 subjects (Haraldsson et al., 2019). They hypothesized
that velocity, not flow rate, was related to PT. However, in
this study, planar velocity and flow volume were reduced at
the transverse–sigmoid junction when the PT was completely
suppressed by ipsilateral IJV compression. Furthermore, the
ipsilateral sinus outflow volume was significantly larger than that
of the contralateral side. Although the contralateral Vmn of the
IJV was found to be slightly higher than that of the ipsilateral
side, given the constant negative pressure produced by the heart
during the diastolic phase, the flow velocity of the returning
venous flow was conceivably determined by the cross-sectional
area tangential to the flow direction. Regarding previous clinical
discoveries, it is not uncommon for PT to intensify when the
contralateral IJV is compressed, and in subjects with bilateral
SSWAs, unilateral PT may alter to the contralateral side during
compression of the ipsilateral IJV (Kline et al., 2020; Hsieh et al.,
2021b). This signifies that the asymmetric distribution of the
flow volume may underpin the development of PT. Thus, we
extrapolate that a high flow velocity and flow volume, that is, a
high flow kinetic energy, are prerequisite conditions for PT.

Due to the fluctuating shape of the transverse–sigmoid sinus,
differences in the sinus flow velocity and pressure gradient
distribution led to a segmental distribution of flow amplitude.
A larger amplitude of the flow sound was detected at segments
with a higher flow velocity and pressure gradient. This finding

substantiates the therapeutic effect of endoluminal TSS stenting,
which targets the reduction of regional flow velocity and relief
of the trans-stenotic pressure gradient (Mu et al., 2021a).
Previous computational studies found that the flow-induced
displacement of the vascular wall could generate vibro-acoustic
noise from 48.76 to 116.57 dB (Tian et al., 2017; Mu et al.,
2021a,b). The amplitude of the vibro-acoustic sound surpassed
that of the hydroacoustic source when the volume and surface
contributions were juxtaposed (Hsieh et al., 2022). Nevertheless,
based on intraoperative measurements, the frequency of vascular
displacement was below the hearing threshold (Hsieh et al., 2022).
It remains unclear whether the vibro-acoustic sound is generated
solely from the vibration of the sigmoid sinus wall. To that end,
PT likely results from hydroacoustic noise in the junction with
the vibration of the vascular wall.

The vortex has been suggested to cause PT in subjects with
SSWAs (Amans et al., 2018; Eisenman et al., 2018). A large 4D
flow MR case series found that 68% of subjects with diverticulum
presented a vortex (Li et al., 2021). In contrast to the mainstream
sinus flow, RCCD unveiled that the vortex inside the diverticulum
is characterized by low or no pulse synchronicity, and the
hydroacoustic sound generated by the vortex is less similar to the
participants’ PT. The PT disappears despite the vortex remaining
inside the diverticulum. This strongly indicates that the flow
kinetic energy outweighs the formation of vortices in the acoustic
production of the PT. In addition, a difference of less than 1 dB
was detected by virtual microphones placed at the center of
the mainstream and diverticular flows simulated using the CFD
method. These results imply that the flow velocity outweighs
the vortex in the acoustic production of PT. In fact, individuals
with a diverticulum can be accidentally identified even in the
absence of PT (Hsieh et al., 2021b). Furthermore, the therapeutic
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FIGURE 6 | Hydroacoustic characteristics of the ipsilateral transverse–sigmoid sinus. (A) A 3D finite element model of ipsilateral transverse–sigmoid sinus of case 3.
Eight nodes were chosen for hydroacoustic evaluation. (B) Velocity streamline of the ipsilateral transverse–sigmoid sinus. (C) Wall pressure distribution of the
ipsilateral transverse–sigmoid sinus. (D) Pressure gradient distribution of the ipsilateral transverse–sigmoid sinus (unit: Pa/m). (E) Acoustic distribution of the
ipsilateral transverse–sigmoid sinus (unit: dBA).

effect of complete reduction of a diverticulum can be unreliable
intraoperatively, and PT can be resolved by reducing the flow
velocity even without the exclusion of the diverticulum from
venous return (Han et al., 2017; Zhang et al., 2019; Hsieh and
Wang, 2020). Based on the current RCCD results and previous
incidences, a diverticulum is not an essential prerequisite for PT.

Transcranial Doppler ultrasound reveals intracranial real-
time flow hydroacoustics using the Doppler wave effect,
which yields higher spatial and temporal resolutions than MR
techniques (Meckel et al., 2013). Studies have suggested that
MR methods tend to underestimate the peak systolic velocity of
intracranial and cervical arteries compared to ultrasound (Harloff
et al., 2013). Compared to the only previous imaging study that
investigated subjects with diverticulum independently, the Vmn
detected by the current RCCD technique closely conforms to
the results measured by 4D MR (Li et al., 2021), with 7.3%
difference in Vmn (Table 6); nonetheless, a stark difference in
Vmax is found between their and our results. Additionally, ITSS
in this study was also found uncorrelated with the hemodynamic

parameters, which is antithetical to the study of Ding et al.
(2021), since the Doppler insonation plane was more distant
from the center of TSS, from which the sinus flow velocity
can decelerate after issuing from a TSS. We reckon that these
study discrepancies predominantly result from the fundamental
difference in the selection of region/point of interest. Hence, the
planar hemodynamic parameters gaged by the RCCD method
can yield crucial hemodynamic insights and allow surgeons to
cope with PT objectively.

The benefits of emerging 4D MR techniques for detecting
the hemodynamics of dural venous sinus flows, however,
are promising and conspicuous in comparison to ultrasound
techniques. As the 4D MR technique allows 3D coverage of
the transverse–sigmoid sinus, the possibility of measuring flow
velocities at any time/spatial point of interest after scanning
can be achieved. Amans and Wang/Gong’s research teams have
combined 4D flow MR techniques with CFD methods (Amans
et al., 2018; Haraldsson et al., 2019; Ding et al., 2021; Li et al.,
2021). It has been suggested that highly convoluted flow patterns
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FIGURE 7 | Regional hydroacoustic characteristics of the ipsilateral transverse–sigmoid sinus. SS indicates the sigmoid sinus. (A) The amplitude–frequency
spectrum of the ipsilateral transverse–sigmoid sinus. (B) The amplitude of the diverticular flow (unit: dBA). (C) Wall pressure distribution at the transverse–sigmoid
junction and the diverticulum. (D) Pressure gradient distribution of the ipsilateral transverse–sigmoid sinus.

are observed in those with a diverticulum (Amans et al., 2018;
Li et al., 2021). Furthermore, post-stenotic high jet flow velocity
and trans-stenotic pressure gradient near the transverse–sigmoid
junction, both of which are subjected to variations in intracranial

pressure (Haraldsson et al., 2019), may be considered as the
salient contributing factors of PT (Ding et al., 2021). The in vivo
RCCD indicates that immediate reduction of flow velocity at
the transverse–sigmoid junction is directly correlated to the

TABLE 5 | Results of CFD hydroacoustic outcomes.

Locations TS TSS TSJ. M. Div. Mid. Div. dome SS JB IJV

Node number 11,713 16,324 11,131 13,995 11,524 13,928 15,642 14,933

Peak amplitude (dBA) 72.5 86.2 74.3 75.2 71.4 65.7 81.4 74.9

Frequency at peak amplitude (Hz) 58.6 58.6 60.1 49.4 58.6 63.2 58.6 92.5

RMS amplitude* (dBA) 52.3 67.7 57.1 59.9 53.2 48.0 63.7 59.3

TS, transverse sinus; TSS, transverse sinus stenosis; TSJ. M., transverse–sigmoid junction mainstream; Div.Mid., middle portion of the diverticulum; Div. Dome, the dome
of the diverticulum; SS, sigmoid sinus; JB, jugular bulb; and IJV, internal jugular vein.
*RMS amplitude measured from 0 to 1 kHz.
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FIGURE 8 | Spectrotemporal results of in vivo Doppler and CFD. (A) Short-time Fourier transformation of the Doppler mainstream sinus flow (upper panel) and CFD
mainstream sinus flow (lower panel, node 11131). (B) Short-time Fourier transformation of the Doppler diverticular flow (upper panel) and CFD diverticular flow (lower
panel, node 13995). CFD, computational fluid dynamics.

TABLE 6 | Comparison of results in subjects with diverticulum.

Number of
subjects with
diverticulum

Vmn (cm/s) Vmax (cm/s) Measurement
plane

Previous 4D-MR
Study [1]

22 55.92 ± 20.08 [1] 147.58 ± 42.16 [1] Vmax at TS-SS [1]

Present study 19 52.08 ± 28.61a 85.14 ± 48.55a TSJ

aLargest value acquired from the TSJ region expressed in mean ± standard deviation.
TS-SS, transverse–sigmoid sinus; TSJ, transverse–sigmoid junction; and Vmax , peak velocity.
Comparison of our results with previously reported results: [1] Data from Li et al. (2021).

elimination of PT. However, it remains unknown whether PT
arises owing to the formation of dehiscence or the fact that
intracranial hemodynamics are altered in the first place.

This study is limited by the sample size for the RCCD
examination. However, the current sample size is on par
with the previous 4D-MR flow or CT venogram studies. As
this study focuses on intracohort comparisons rather than
group comparisons, the current Doppler results appear to
demonstrate a convincing reduction in flow velocity modulated
by ipsilateral IJV compression. Furthermore, RCCD is reserved
for those with a protrusive diverticulum or laterally placed
sigmoid sinus, which hampers the understanding of PT in
patients with a complete mastoid cortex and in healthy
controls. The TCCD technique can provide a high temporal
and spatial resolution of the transverse sinus flow spectrum
for CFD simulation, which benefits hydroacoustic investigations
of the entire transverse–sigmoid sinus system. However, the

poor temporal window can greatly reduce insonation of the
contralateral skull base and sampling of the blood flow. Thus,
we are currently working on increasing the TCCD data to
reveal differences between subjects with and without PT.
Although the current computational acoustic data reaches a
high resemblance of PT sound, nuanced acoustic differences
between Doppler and current CFD techniques require a
thorough and comprehensive investigation in the future.
Continuous refinement of the establishment of boundary
conditions is warranted.

CONCLUSION

The currently proposed RCCD method unfolded transient
hydroacoustic characteristics of sinus flow at the transverse–
sigmoid junction with high spatial and temporal resolutions.
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By implementing the RCCD method in junction with ipsilateral
IJV compression, PT subsides as the Vmn of the mainstream
sinus flow and the diverticular vortex decreases averagely by
51.2 and 50.6%, respectively. However, the diverticular vortex
persisted during ipsilateral IJV compression, notwithstanding
a holistic reduction in sinus flow kinetic energy. In addition,
the amplitude difference between the mainstream sinus and
diverticular flows was less than 1 dB based on our CFD analysis.
Therefore, PT is associated with the flow kinetic energy instead
of the sheer formation of vortex per se; regions with larger flow
velocity and pressure gradient engender greater flow amplitude.
As the combined implementation of the RCCD technique and
ipsilateral IJV compression uncloaks individual quantitative
range of velocity reduction to eliminate PT non-invasively, this
marker can be applied as a presurgical curative index for surgeons
to resolve PT efficiently.
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