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Objective: This study analyzed the differences in the cerebral blood flow (CBF) between
unilateral Sudden Sensorineural Hearing Loss (SSNHL) patients and healthy controls
(HCs). We also investigated CBF differences in auditory-related areas in patients with
left- and right-sided SSNHL (lSSNHL and rSSNHL) and HCs. We further explore the
correlation between unilateral SSNHL characteristics and changes in the CBF.

Methods: 36 patients with unilateral SSNHL (15 males and 21 females, 40.39 ± 13.42
years) and 36 HCs (15 males and 21 females, 40.39 ± 14.11 years) were recruited.
CBF images were collected and analyzed using arterial spin labeling (ASL). CereFlow
software was used for the post-processing of the ASL data to obtain the CBF value
of 246 subregions within brainnetome atlas (BNA). The Two-sample t-test was used
to compare CBF differences between SSNHL patients and HCs. One-way ANOVA or
Kruskal-Wallis test was used to compare the CBF difference of auditory-related areas
among the three groups (lSSNHL, rSSNHL, and HCs). Then, the correlation between
CBF changes and specific clinical characteristics were calculated.

Results: The SSNHL patients exhibited decreased CBF in the bilateral middle frontal
gyrus (MFG, MFG_7_1 and MFG_7_3), the contralateral precentral gyrus (PrG, PrG_6_3)
and the bilateral superior parietal lobule (SPL, bilateral SPL_5_1, SPL_5_2, and
ipsilateral SPL_5_4), p < 0.0002. Compared with HCs, unilateral SSNHL patients
exhibited increased rCBF in the bilateral orbital gyrus (OrG, OrG_6_5), the bilateral
inferior temporal gyrus (ITG, contralateral ITG_7_1 and bilateral ITG_7_7), p < 0.0002.
lSSNHL showed abnormal CBF in left BA21 caudal (p= 0.02) and left BA37 dorsolateral
(p = 0.047). We found that the CBF in ipsilateral MFG_7_1 of SSNHL patients was
positively correlated with tinnitus Visual Analog Scale (VAS) score (r = 0.485, p = 0.008).

Conclusion: Our preliminary study explored CBF pattern changes in unilateral SSNHL
patients in auditory-related areas and non-auditory areas, suggesting that there may
exist reduced attention and some sensory compensation in patients with SSNHL.
These findings could advance our understanding of the potential pathophysiology of
unilateral SSNHL.

Keywords: sudden sensorineural hearing loss, cerebral blood flow, arterial spin labeling, brainnetome atlas,
magnetic resonance imaging
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INTRODUCTION

Sudden Sensorineural Hearing Loss (SSNHL) is defined as a
hearing loss of over 30 dB in three sequential frequencies in
the pure-tone audiogram within 72 h, and is considered as
an otologic emergency (Stachler et al., 2012). SSNHL is often
accompanied by tinnitus and vertigo, which affects quality of life
of patients, leading to anxiety and depression (Fusconi et al.,
2012). Many causes of SSNHL have been proposed, including
viral infection, neoplasms, trauma, ototoxicity, autoimmune
diseases, and developmental anomalies, but the mechanisms of
SSNHL have not yet been clarified. It is difficult to identify the
exact cause of SSNHL by routine clinical examinations (Jung da
et al., 2016). At present, steroid therapy is the main treatment
method for SSNHL. But some SSNHL patients do not respond to
conventional treatment, which leads to a low long-term quality of
life (Liu et al., 2020). Previous studies have reported that hearing
loss induced brain structural changes, brain functional changes
and reorganization of functional cerebral networks. From the
brain structural perspective, brain morphological changes could
be induced by unilateral hearing loss was found, including
decreased gray matter volume in temporal/ precuneus/ cingulate
and parahippocampal gyrus (Yang et al., 2014). From the
functional perspective, a functional magnetic resonance imaging
(fMRI) study found the changes of default mode networks
(DMN) in patients with long-term unilateral SSNHL might
be associated with cognitive ability of patients (Zhang et al.,
2015). Another resting-state fMRI found that there existed a
shift toward small-worldization in unilateral SSNHL patients
functional connectome (Xu et al., 2016). A widespread functional
reorganization was found in SSNHL, not only in auditory
regions (Minosse et al., 2020). Similarly, a diffusion tensor
imaging (DTI) study with graph theoretical analysis found that
altered nodal centralities in brain regions involved the auditory
network and non-auditory network, including visual network,
attention network, DMN, sensorimotor network, and subcortical
network in SSNHL patients in the acute period (Zou et al.,
2021). A study demonstrated cortical perfusion pattern changes
in age-related hearing loss (Ponticorvo et al., 2019). All in
all, structural and functional changes were found not only in
the auditory-related areas, but also in the non-auditory areas
in the above studies. Until now, few studies shed light on
the cerebral blood flow (CBF) pattern changes in unilateral
SSNHL patients. The changes of CBF following SSNHL remain
largely unknown.

Arterial spin labeling (ASL) is an MRI technique used
to non-invasively measure CBF by magnetically labeling the
arterial water (Haller et al., 2016). Regional brain CBF is
tightly coupled with regional metabolism and neuronal activity
(Li et al., 2020). This study aimed to use three-dimensional
pseudo-continuous (3D-pCASL) to detect regional CBF pattern
changes in unilateral SSNHL patients by region of interest
(ROI) analysis. We analyzed the differences in the CBF between
unilateral SSNHL patients and healthy controls (HCs). We
also investigated the CBF differences in auditory-related areas
in patients with left- and right-sided SSNHL (lSSNHL and
rSSNHL) and HCs. We further explore the correlation between

unilateral SSNHL characteristics and changes in the CBF. We
hope our results will help to characterize unilateral SSNHL
pathophysiology.

MATERIALS AND METHODS

Subjects
Thirty-six patients (19 left-sided SSNHL, 17 right-sided SSNHL)
were enrolled in this study. Among them, 13 patients were
recruited at the outpatient otorhinolaryngology Department of
China-Japan Friendship Hospital, and 23 patients were recruited
at Fuxing Hospital affiliated to Capital Medical University.
The inclusion criteria for patients were: (1) diagnosed as
unilateral SSNHL, according to the Sudden Hearing Loss Clinical
Practice Guideline of the American Academy of Otolaryngology-
Head and Neck Surgery Foundation (Stachler et al., 2012);
(2) SSNHL duration time ≤ 3 month; (3) age < 70 years,
(4) being right-handedness. The exclusion criteria for patients
were: (1) with bilateral SSNHL; (2) have contraindications to
MRI examination; (3) suffer from Ménière’s disease, hyperacusis,
and history of neurological disorders, such as brain trauma
and strokes. Thirty six healthy controls (HC) were recruited
from the society. The SSNHL patients and HCs were group-
matched in terms of age, sex, and education. This study was
approved by the Ethics Committee of China-Japan Friendship
hospital and Fuxing Hospital, and informed consent of all the
participants was obtained.

Clinical Data
Demographic information was collected prior to the MRI scan.
Hearing thresholds were determined by pure tone audiometry
to determine the hearing loss degree. Pure tone average (PTA)
value was calculated by averaging the hearing thresholds at
0.5, 1, 2, and 4 kHz. 28 SSNHL patients were accompanied
by tinnitus, and we finally obtained the tinnitus questionnaire
results from them. The tinnitus loudness was measured by Visual
Analogue Scale (VAS) (Mores et al., 2019). The severity of tinnitus
was assessed by Tinnitus Handicap Inventory (THI) (Meng
et al., 2012). In addition, we evaluated symptoms of depression
and anxiety of SSNHL patients according to the Self-Rating
Depression Scale (SDS) (Zung, 1972) and Self-Rating Anxiety
Scale (SAS) (Zung, 1971). However, as the overall scores of SDS
and SAS for SSNHL patients were less than 50, none of them had
anxiety or depression.

Magnetic Resonance Imaging Data
Acquisition
13 unilateral SSNHL patients and all 36 HCs were scanned
using a 3.0-T MRI scanner (Discovery MR750 scanner, GE
Medical Systems, United States) with an 8-channel phased-
array head coil in China-Japan Friendship Hospital. 3D-
pCASL using the parameters as follows: TR = 4,817 ms,
TE = 14.6 ms, slice thickness = 4 mm, slice spacing = 4
mm, flip angle = 111◦, post label delay = 1,525 ms, voxel
size= 1.875× 1.875 mm2.
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The other 23 unilateral SSNHL patients were scanned using
a 3.0-T MRI scanner (Discovery MR750w scanner, GE Medical
Systems, United States) in Fuxing Hospital. ASL images were
obtained with 3D-pCASL using the parameters as follows:
TR = 4,640 ms, TE = 10.7 ms, slice thickness = 4 mm, slice
spacing = 4 mm, flip angle = 111◦, post label delay = 1,525 ms,
voxel size = 1.875 × 1.875 mm2. All the participants were given
ear plugs to reduce scanner noise, and foam paddings were given
to restrict head motion.

Data Processing
CereFlow software (An-Image Technology Co., China) was used
to process ASL data, the steps were as follows: (1) convert
the 3D ASL perfusion weighted images and proton density
images (generated from GE MR scanner) into the CBF map
of cerebral perfusion for each subject by using the simplified
one compartment model (St Lawrence and Wang, 2005). (2)
normalize the CBF map to the Montreal Neurological Institute
(MNI) space with intensity-based image registration where the
MNI152 brain template was used as a fixed image, and transform
each subject’s image as the motion image to match the fixed
image. (3) then the Brainnetome Atlas (BNA) (Fan et al., 2016)
was overlaid. (4) the average CBF value of each brain region from
BNA was finally obtained (Figure 1).

Calculation of rCBF
We considered that ASL data acquired from different MR
scanners and the individual variance of subjects could affect the

study results. The normalized cerebral blood flow value rCBF was
calculated for further statistical analysis:

rCBF = CBF ÷mCBF

Where CBF is the average CBF value of each brain region in
BNA, and mCBF is the average CBF value of the whole brain.

rCBF in Auditory-Related Areas Analysis
Several studies have confirmed changed neuronal activity of
the auditory cortex in SSNHL patients (Minosse et al., 2020;
Zou et al., 2021). Considering the lateralization effects of
auditory cortex (Tervaniemi and Hugdahl, 2003), we investigated
the CBF differences of auditory-related areas among lSSNHL,
rSSNHL, and HCs. We conducted an ROI analysis of auditory-
related areas for further analysis. Auditory related areas of both
hemispheres with in BNA were divided into the following ROIs:
auditory cortex (BA41/42; TE1.0 and TE1.2), Wernicke’s area
(BA22 caudal and rostral) and associative auditory areas (BA21
caudal and rostral; BA37 dorsalateral; and the anterior part of
the Superior Temporal Sulcus) (Martín-Fernández et al., 2021;
Figure 2).

Statistical Analysis
Demographic and Clinical Data Analysis
Differences in demographic data between the SSNHL and HC
group were analyzed using Two-sample t-test and Chi-square test
in SPSS 26.0 software (Chicago, IL, United States).

FIGURE 1 | ASL data processing workflow. Convert the (A) 3D ASL proton density images and (B) perfusion weighted images into the CBF map of cerebral
perfusion for each subject. (C) The CBF map was normalized to the MNI space and then the BNA was overlaid. (D) The average CBF value of each brain region from
BNA was obtained. (E) An example CBF map of a female SSNHL patient calculated by Cereflow software.
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FIGURE 2 | Anatomic representation of the auditory-related areas ROIs within the Brainnetome atlas.

Group rCBF Differences: Sudden Sensorineural
Hearing Loss vs. Healthy Controls
For more rigorous statistical analysis, the right side of rSSNHL
matched controls (17 cases) was defined as the ipsilateral (affected
side), and the left side of lSSNHL matched controls (19 cases)
was defined as the ipsilateral. Then, the other side was defined
as contralateral in this study. rCBF difference between two
groups (all the SSNHL patients and HCs) were compared by
Two-sample t-test, corrected with the Bonferroni method, 246
comparisons (for there were 246 subregions in BNA). P < 0.0002
was considered statistically significant.

Group rCBF Differences in Auditory-Related Areas:
lSSNHL vs. rSSNHL vs. Healthy Controls
One-way ANOVA or Kruskal-Wallis test was used to compare the
rCBF difference of each auditory ROI among the three groups
(lSSNHL, rSSNHL, and HCs), followed by post hoc intergroup
comparisons (Bonferroni correction). P < 0.05 was considered
statistically significant.

Correlation Analysis
We used Pearson correlation analysis to calculate the
relationships between abnormal rCBF and clinical characteristic
data. Partial correlations were calculated after correction
for age and gender. P < 0.05 was considered statistically
significant.

RESULTS

Demographics and Clinical
Characteristics: Sudden Sensorineural
Hearing Loss vs. Healthy Control
Demographics and clinical characteristic data of all the unilateral
SSNHL patients and healthy controls were summarized in Table 1
and Figure 3. No significant differences were found in terms of
age, gender, education level.

Group rCBF Differences: Sudden
Sensorineural Hearing Loss vs. Healthy
Control
The SSNHL patients exhibited decreased rCBF in the bilateral
middle frontal gyrus (MFG_7_1 and MFG_7_3), the contralateral
precentral gyrus (PrG_6_3) and the bilateral Superior Parietal
Lobule (bilateral SPL_5_1, SPL_5_2 and ipsilateral SPL_5_4),
p < 0.0002 (Figures 4, 5A).

Compared with healthy controls, unilateral SSNHL patients
exhibited increased rCBF in the bilateral orbital gyrus
(OrG_6_5), the bilateral inferior temporal gyrus (contralateral
ITG_7_1 and bilateral ITG_7_7), p < 0.0002 (Figures 4, 5B).

Group rCBF Differences: lSSNHL vs.
rSSNHL vs. Healthy Control
lSSNHL showed abnormal rCBF in left BA21 caudal
(p = 0.02, One-way ANOVA, Bonferroni correction) and

TABLE 1 | Demographics and clinical characteristics of unilateral SSNHL
patients and HC.

SSNHL (n = 36) HCs (n = 36) p-value

Age (years) 40.39 ± 13.42 40.39 ± 14.11 1.000

Gender (M) 15 (41.67%) 15 (41.67%) 1.000

Education level (years) 15.50 ± 3.39 15.42 ± 3.90 0.923

Handedness (R) 36 (100%) 36 (100%) –

Duration of hearing loss (day) 16.11 ± 24.41 – –

Tinnitus 28 (77.8%) – –

PTA of affected ear (dB) 54.68 ± 28.71 – –

VAS score 4.86 ± 2.05 – –

THI score 44.83 ± 25.84 – –

SAS score 32.40 ± 8.03 – –

SDS score 36.53 ± 7.24 – –

PTA, Pure tone average. VAS, Visual Analog Scale. THI, Tinnitus Handicap
Inventory. SAS, Self-Rating Anxiety Scale. SDS, Self-Rating Depression Scale. –,
not measured.
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FIGURE 3 | Average pure tone audiograms for patients with SSNHL averaged
over both ears at different frequencies. Data are presented as mean ± SEM.
SEM, standard error of mean.

left BA37 dorsolateral (p = 0.047, Kruskal-Wallis test,
Bonferroni correction) compared to HC. There were no
significant differences in the rCBF between the rSSNHL
group and HC group or lSSNHL group and rSSNHL group
(Figure 6).

Correlation Analysis
We found that the CBF in ipsilateral MFG_7_1 of SSNHL
patients was positively correlated with VAS score (r = 0.485, p =
0.008) (Figure 7).

DISCUSSION

In this study, the CBF changes in patients with unilateral
SSNHL, as well as the relationship between the altered CBF
and the clinical characteristics was explored. To the best of our
knowledge, this study is the first to investigate the CBF changes
in unilateral SSNHL patients using 3D-pCASL. We observed
the CBF changes in patients with SSNHL in non-auditory areas,
such as visual-related (bilateral ITG) and attention-related areas
(bilateral dorsolateral prefrontal cortex, dlPFC) compared with
the control. lSSNHL patients showed abnormal CBF in auditory-
related areas in this study, whereas rSSNHL patients did not.

Unilateral SSNHL patients exhibited increased CBF in visual-
related areas (ITG). The ventral part of temporal cortices, which
belongs to the ventral stream of the visual system, are involved
in the perception in the recognition of object and human
faces features, and scenes (Hickok and Poeppel, 2007). When
the central auditory system input is reduced, other sensory
inputs would be enhanced correspondingly (Lomber et al.,
2010). Previous fMRI studies demonstrated that there may exist
transmodal neural change in the visual and sensory system in
patients with sensorineural hearing loss (SNHL), which reflects

FIGURE 4 | Abnormal CBF subregions in patients with unilateral SSNHL compared with healthy controls. Red, SSNHL (rCBF) > HC (rCBF); Blue, SSNHL
(rCBF) < HC (rCBF). I, ipsilateral; C, contralateral; MFG, middle frontal gyrus; PrG, Precentral Gyrus; SPL, superior parietal gyrus; ITG, inferior temporal gyrus; OrG,
orbital gyrus.
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FIGURE 5 | Comparisons of rCBF values between healthy controls and patients with SSNHL. (A) Decreased CBF subregions in patients with unilateral SSNHL
compared with healthy controls. (B) Increased CBF subregions in patients with unilateral SSNHL compared with healthy controls. Data was mean ± SD. I, ipsilateral;
C, contralateral; MFG, middle frontal gyrus; PrG, Precentral Gyrus; SPL, superior parietal gyrus; ITG, inferior temporal gyrus; OrG, orbital gyrus; SD, standard
deviation.

FIGURE 6 | Comparisons of auditory ROIs rCBF values among the three groups (lSSNHL, rSSNHL and HCs). lSSNHL showed increased rCBF in auditory-related
areas (A) left BA21 caudal (p = 0.02) and (B) left BA37 dorsolateral (p = 0.047) compared to HC. ∗p < 0.05.

the compensation of brain function (Lomber et al., 2010; Chen
et al., 2020). In this study, CBF increase in visual-related areas,
suggesting that there may be similar visual compensation in
patients with SSNHL. In this study, we also found the increased
CBF in bilateral OrG. The OrG belongs to the ventromedial
prefrontal cortex, and involves in emotional management and
guidance of the concentration of attention (Hiser and Koenigs,
2018; Kuusinen et al., 2018). We speculate that the increased CBF
in bilateral OrG might be caused by the emotional reaction of
patients with SSNHL.

Unilateral SSNHL patients exhibited decreased CBF in
attention-related areas (bilateral dlPFC), primary motor cortex

(PrG) and the associative somatosensory cortex (bilateral SPL).
dlPFC involves in multi-sensory integration (Fuster, 2000), goal-
driven attention (Jones and Graff-Radford, 2021), and as a core
node in the executive control network (ECN) (Shen et al.,
2020). Attention effects were reduced by the dlPFC lesions
(Knight et al., 1981). A multimodal MRI Study indicated that
the dlPFC plays an important role in the recruitment of the
auditory area into cross-sensory processing in long-term bilateral
SNHL patients (Luan et al., 2019). A voxel-based morphometry
(VBM) analysis revealed gray matter changes in the SFG and
MFG, suggesting a decreased use of ECN in chronic hearing
loss patients (Husain et al., 2011). Several studies found the
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FIGURE 7 | The significant correlations between the CBF changes and the
clinical data in unilateral SSNHL patients. CBF in ipsilateral MFG_7_1 of
SSNHL patients was positively correlated with VAS score (r = 0.485, p =
0.008).

reduction of cortical thickness in SPL of children with SNHL
(Shiohama et al., 2019; Qu et al., 2020), which is involved
in processing motion stimuli (Qu et al., 2020) and cognitive
control (Job et al., 2020). An age-related hearing loss ASL MRI
study found the trend of reduced averaged perfusion involved
multiple extra-auditory regions in the parietal and prefrontal
cortex (Ponticorvo et al., 2019). Unilateral hearing loss causes
the reduced attention of SSNHL patients in noisy environment
by the deterioration of auditory processing, including speech
perception and understanding (Ponticorvo et al., 2019). We
speculate that reduced attention of SSNHL patients was related
to CBF changes in the parietal and prefrontal lobes. In addition,
we also explored the CBF differences of auditory-related cortex
among the three groups (lSSNHL, rSSNHL, and HCs). We found
that the increased CBF in left BA21 cadual and BA37 dorsolateral
in patients with left-sided SSNHL, indicates that there might
be a “superactivation” phenomenon in auditory-related areas
(Xia et al., 2017). The same phenomenon was not found in
patients with right-sided SSNHL, probably due to lateralization
and the asymmetry in auditory processing (Tervaniemi and
Hugdahl, 2003). The CBF in ipsilateral MFG_7_1 of SSNHL
patients was positively correlated with VAS score tinnitus
loudness. An fMRI study showed that the abnormal intensity of
brain functional connectivity in patients with chronic tinnitus
mainly occurred in the non-auditory brain region, especially in
the prefrontal cortex (Araneda et al., 2018). Tinnitus may be
produced to reduce perceptual uncertainty caused by peripheral
auditory deafferentation (Morcom and Friston, 2012), which
can explain the reason most SSNHL patients in this study
accompanied by tinnitus.

There were several limitations in this study. First and
foremost, the ASL data was acquired using different MR scanners,
though we calculated rCBF to minimize the effects, the effects
can’t be avoided completely. Second, this is a cross-sectional
study, and the sample size was small, we first compared the
CBF difference between all the SSNHL patients and HCs, then
we only investigated CBF differences in auditory-related areas

in patients with lSSNHL and rSSNHL. In the future, the CBF
changes of all the subregions in patients with lSSNHL and
rSSNHL can be studied separately. Third, we cannot completely
prevent subjects from hearing some sounds during MRI scans,
although we attempted to minimize scanner noise through
earplugs in this study.

CONCLUSION

Our preliminary study explored CBF pattern changes in
unilateral SSNHL patients in auditory-related areas and non-
auditory areas, suggesting that there may exist reduced attention
and some sensory compensation in patients with SSNHL.
CBF changes in ipsilateral MFG_7_1 may influence the
tinnitus loudness of SSNHL patients. These findings could
advance our understanding of the potential pathophysiology of
unilateral SSNHL.
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