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Purpose: Both tinnitus and type 2 diabetes mellitus (T2DM) are linked with cognitive
decline and brain dysfunction. This study used arterial spin labeling (ASL) perfusion
functional magnetic resonance imaging (fMRI) to examine the abnormal cerebral blood
flow (CBF) patterns existed in tinnitus patients and potential relationships between the
abnormal CBF and cognitive performance. The impact of T2DM on CBF alterations in
tinnitus patients was further explored.

Methods: Sixty tinnitus patients and 40 non-tinnitus subjects were recruited. CBF
images were collected and analyzed using ASL perfusion fMRI. Brain regions with
CBF alterations between tinnitus patients and non-tinnitus controls were identified by
one-way analysis of variance. Interaction effects between tinnitus and T2DM for CBF
changes were also selected. Then, correlation analyses were calculated to specify the
link between CBF changes and cognitive performance and between CBF changes and
diabetic characteristics.

Results: Tinnitus patients showed decreased CBF, primarily in the auditory area and
default mode network (DMN), compared with non-tinnitus controls. Decreased CBF
in these regions was correlated with executive function and attention. The interaction
effect between tinnitus and T2DM was significant in the right medial prefrontal gyrus.
Additionally, CBF in the right medial prefrontal gyrus was correlated with tinnitus distress
and cognitive performance. In tinnitus patients, Hemoglobin A, was associated with
CBF in the right medial prefrontal gyrus.

Conclusion: Tinnitus affects brain perfusion in the auditory area and DMN. T2DM and
uncontrolled glucose levels may aggravate a CBF decrease in tinnitus patients. These
new findings implied that tinnitus patients may benefit from blood glucose control in
terms of their cognitive function and tinnitus distress.

Keywords: tinnitus, type 2 diabetes mellitus, cognitive impairment, cerebral blood flow, magnetic resonance
imaging
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INTRODUCTION

Tinnitus is a common audiological disorder that affects
approximately 10-15% of adult populations (Langguth et al,
2013; Nemholt et al., 2015). Metabolic disorders, such as
hyperinsulinemia and diabetes, are considered as risk factors
of tinnitus symptoms or comorbidities and have significant
relationships with the tinnitus distress, with or without
hearing loss (Taneja, 2017). Tinnitus as a symptom is mostly
observed in disorders involving metabolic disturbances and
diabetes mellitus (DM) (Nemati et al., 2018). Conversely,
higher blood glucose level will increase the burden of
tinnitus distress.

Numerous studies have demonstrated poorer cognitive
performance, especially on control of attention, executive,
and memory in tinnitus patients compared to individuals
without tinnitus (Das et al., 2012; Pierce et al., 2012; Heeren
et al., 2014); however, there are still a few investigations that
reported no influence of tinnitus in the cognitive function
(Husain et al., 2015). Interestingly, both clinical and animal
studies suggest that type 2 DM (T2DM) is a modifiable
and independent causal risk factor for the development
and progression of cognitive impairment (Zuloaga et al,
2016; Pal et al, 2018). Therefore, T2DM 1is a potential
risk factor for the cognitive decline observed in tinnitus
patients. The precise correlation between hyperglycemic
state and brain functioning has not been illustrated in
tinnitus patients.

Cognitive deterioration may be affected by a declined CBF as
a result of brain ischemia and energy depletion (Ogoh, 2017).
Cerebral blood flow (CBF) can be evaluated using single-photon
emission computed tomography (SPECT). Current researches
using SPECT shows that tinnitus patients exhibit decreased
CBF in certain brain areas (Farhadi et al., 2010; Laureano
et al, 2014). Arterial spin labeling (ASL) is a non-invasive
functional magnetic resonance imaging (fMRI) technique for
measuring regional CBF that uses magnetically labeled blood
water as an endogenous tracer (Detre et al, 1992). With
higher resolution and accurate localization, ASL perfusion fMRI
has been applied to detect early stages of dementia patients
(Binnewijzend et al., 2013; Dolui et al., 2020), but has never
been used to evaluate CBF in tinnitus patients. Regarding T2DM,
our previous study shows that T2DM patients exhibited reduced
CBF in widespread brain regions, primarily in the visual area
and the default mode network (DMN) (Xia et al., 2015), which
is later confirmed by further studies (Bangen et al., 2018; Hu
et al., 2019). Further research is needed to investigate whether
brain areas show CBF alterations in the tinnitus patients and
to determine whether T2DM is involved in the CBF fluctuation
in these regions.

Hence, hypothesis was raised that patients with
tinnitus would exhibit abnormal CBF and cognitive
decline compared with non-tinnitus subjects and that the
comorbidity of T2DM would aggravate the abnormal brain
perfusion. We also intended to explore whether diabetic
characteristics would be correlated with higher CBF values in
tinnitus patients.

MATERIALS AND METHODS

Participants
Study protocol was approved by the Research Ethics Committee
of the Nanjing Medical University prior to study initiation.
All the subjects provided written informed consent before any
study procedures.

Through community health screening and newspaper
advertisements, 60 patients with tinnitus and 40 non-tinnitus
controls, who were all right-handed and completed at least
6 years of education, were recruited (matched for age, sex, and
education) from March 2016 to November 2019. All tinnitus
patients reported their tinnitus as bilateral or originating within
the head. According to the World Health Organization 1999
criteria for T2DM diagnosis, 25 tinnitus patients were diagnosed
with T2DM. Participants who had hearing loss (defined as
thresholds >25 dB HL) at the frequencies of 0.25, 0.5, 1, 2,
4, and 8 kHz were excluded. Participants with hyperacusis
were excluded according to Hyperacusis Questionnaire (Khalfa
et al., 2002). In addition, according to previous diagnostic
criteria (Lopez-Escamez et al., 2015), patients with Méniére
diseases were excluded. Subjects were also excluded if they

TABLE 1 | Demographics and cognitive characteristics of tinnitus patients and
non-tinnitus controls.

Tinnitus Non-tinnitus p value

patients controls

(n =58) (n=39)
Age, years 49.81 +£ 10.57 47.46 + 11.69 0.307
Gender, male:female 21:37 16:23 0.632
Education levels, years 12.47 £ 3.09 13.03 £ 3.04 0.381
Tinnitus duration, months 37.07 £ 34.40 - -
THQ score 52.50 +£ 13.76 - -
Hearing thresholds (left) 16.08 + 3.02 16.99 + 2.48 0.105
Hearing thresholds (right) 16.62 + 3.16 16.67 £ 2.39 0.942
Hearing thresholds (mean) 16.10 + 2.64 16.83 + 1.51 0.123
Diabetes characteristics
HbA1¢, % (mmol/mol) 6.53 +1.68 6.15 +1.24 0.228
Fasting glucose, mmol/L 6.48 £ 2.29 579 +1.56 0.103
Triglyceride, mmol/L 1.48 £ 0.71 1.54 £ 0.57 0.648
Total cholesterol, mmol/L 5.64 £1.05 5.29 +0.90 0.092
LDL-C, mmol/L 3.44 £ 0.70 3.24 £0.74 0.201
HDL-C, mmol/L 1.40 £ 0.32 1.44 +£0.34 0.511
Cognitive performance
MMSE 29.07 + 1.00 28.77 £1.20 0.187
AVLT 34.02 +£7.26 3410+ 6.72 0.954
CFT 34.22 +£1.82 34.64 +1.67 0.255
CFT-delayed recall 17.38 £ 2.49 16.54 +£2.98 0.136
TMT-A 64.72 + 20.49 47.72 +12.84 <0.001*
TMT-B 155.02 £+ 65.60 108.72 £ 36.09 <0.001*
CcDT 3.50 £ 0.54 3.38 £ 0.59 0.322

Data are presented as mean + standard deviation. p < 0.001. THQ, Tinnitus
Handicap Questionnaire; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-
density lipoprotein cholesterol; MMSE, Mini Mental State Examination; AVLT,
Auditory Verbal Learning Test; CFT, Complex Figure Test;, TMT-A, Trail Making
Test—Part A; TMT-B, Trail Making Test-Part B; CDT, Clock Drawing Test.
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FIGURE 1 | Average hearing thresholds of chronic tinnitus patients and non-tinnitus controls. Data are presented as mean + SEM.

had objective tinnitus, severe visual loss, a history of stroke,
major medical illness, neurological or psychiatric illness such
as Alzheimer disease, head injury, anemia, Parkinson disease,
epilepsy, and major depression, magnetic resonance imaging
(MRI) contraindications, severe heart diseases, and damaged
liver/kidney function.

Clinical Data

Demographic information was collected prior to the MRI scan.
Hearing thresholds were assessed by pure tone audiometry by an
experienced otolaryngologist. The tinnitus distress was assessed
by the Iowa version of the Tinnitus Handicap Questionnaire
(THQ) (Kuk et al, 1990). After an overnight fast, venous
blood samples were collected. Fasting blood glucose, hemoglobin
Aj. (HbAj.), and blood lipid levels were assessed. Cognitive
performance was evaluated by the cognitive tests in a fixed
order, including the Mini Mental State Examination (MMSE),
Rey-Osterrieth Complex Figure Test (CFT), Auditory Verbal
Learning Test, Clock Drawing Test, and Trail Making Test
(TMT) Parts A and B.

TABLE 2 | Comparisons of the brain volumes between tinnitus patients and
non-tinnitus controls.

Tinnitus Non-tinnitus p value

patients controls

(n =58) (n =39)
Gray matter volume (% of TIV) 31.8+2.0 32.6+2.0 0.071
White matter volume (% of TIV) 294 +1.5 29.7 £1.7 0.448
Brain parenchyma volume (% of TIV)  61.2+£2.9 62.2+32 0.109

Data are expressed as mean + SD. TIV, total intracranial volume.

Magnetic Resonance Imaging Data

Acquisition

All participants were scanned using a 3.0-T MRI scanner
(Ingenia, Philips Medical Systems, Netherlands). The
participants were instructed to rest quietly with eyes

closed and avoiding either falling asleep or making a
sudden head motion and to not think of anything in
particular. Three-dimensional T1-weighted images were
acquired using the parameters as follows: repetition time
(TR) = 8.1 ms, echo time (TE) = 3.7 ms, thickness = 1 mm,
slices = 170, gap = 0 mm, flip angle (FA) = 8°, field of view
(FOV) =256 mm x 256 mm, and acquisition matrix = 256 x 256.
ASL images were obtained with a pseudocontinuous ASL
sequence with a two-dimensional fast spin-echo acquisition
and background suppression using the parameters as follows:
TR = 4,000 ms, TE = 11 ms, slice thickness = 4 mm, label
duration = 1,650 ms; postlabel delay = 2,000 ms, FA = 90°,
FOV = 220 mm x 220 mm, slices thickness = 4 mm,
gap = 0.4 mm, and matrix = 64 x 64.

TABLE 3 | Brain regions with significant differences in CBF between tinnitus
patients and non-tinnitus controls.

Brain regions BA Peak MNI Peak T Cluster
coordinates x, value size

Y, Z (mm) (voxels)
R superior temporal gyrus 22 58,6, 6 —4.2384 189
L posterior cingulate cortex 23 -5, —44,17 —4.7829 135
R medial prefrontal gyrus 24 3,44, -8 —4.1908 140

Thresholds were set at a corrected p < 0.01 corrected by FWE criterion.
L, left; R, right.
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tinnitus in the right MPFG (p < 0.01, FWE corrected).

FIGURE 2 | The CBF differences between tinnitus patients and non-tinnitus controls. (A) The tinnitus patients exhibited decreased CBF in the right superior temporal
gyrus (STG), left posterior cingulate cortex (PCC), and right medial prefrontal gyrus (mPFG) (p < 0.01, FWE corrected). (B) The interaction effect of diabetes and

Imaging Data Processing

To estimate the whole-brain volumes, a voxel-based
morphometry (VBM) approach was performed using the
VBMS toolbox'. We used DARTEL to improve intersubject
registration of the structural images. Briefly, cerebral tissues
were segmented into gray matter (GM), white matter (WM),
and cerebrospinal fluid by a unified segmentation algorithm

'http://dbm.neuro.uni-jena.de/vbm

(Ashburner and Friston, 2005). Resulting GM and WM images
were then normalized to the Montreal Neurological Institute
(MNI) template. Smoothing was followed by using a 6-mm full
width at half maximum (FWHM) Gaussian kernel. The final
voxel-wise GM volume maps were later entered as covariates in
the ASL analysis.

Using the ASL Perfusion MRI Signal Processing Toolbox
(ASLtbx), which is based on SPM12* (Wang, 2012), the ASL

Zhttp://www.fil.ion.ucl.ac.uk/spm/
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FIGURE 3 | The CBF values of chronic tinnitus patients and non-tinnitus controls in the right STG, left PCC, and right mPFG (o < 0.01). *Means significant difference
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data were preprocessed to generate CBF maps. Images were first
rearranged and adjusted to correct head movement. Then, a
non-linear transformation was performed on the CBF images
of non-tinnitus subjects, which were co-registered with the
positron emission tomography (PET) perfusion template in MNI
space. The MNI-standard CBF template was defined as the
average co-registered CBF images of the control group. Next,
the CBF images of all subjects were co-registered to the MNI-
standard CBF template. Every co-registered CBF was removed
from the non-brain tissue, followed by a spatial smoothing
using a 6-mm FWHM isotropic Gaussian. Normalization was
finally performed. The CBF was divided per voxel by the average
CBF (Aslan and Lu, 2010). Two tinnitus patients and one non-
tinnitus control were excluded from the study because of head
movement exceeding 2.0 mm of maximum translation in any
of the x, y, and z directions or 2.0° of the maximum rotation
around the three axes.

Statistical Analysis

Clinical measures were analyzed using Statistical Package for the
Social Sciences (SPSS) statistics software package version 20.0.
Differences between the patients with tinnitus and non-tinnitus
subjects were calculated. For normally distributed variable, a
Student t test was used. For asymmetrically distributed variable, a
non-parametric Mann-Whitney U test was used. For categorical
variable, a %2 test was used. The statistical significance level was
set at p < 0.05, two-tailed.

A one-way analysis of variance (ANOVA) was then performed
to determine between-group differences in brain volumes, with
age, gender, and education level as the nuisance covariates.
Between-group differences in CBF were also calculated via one-
way ANOVA in SPM12, with age, gender, and education level

as the nuisance covariates. Significant thresholds were corrected
using false discovery rate criterion and set at p < 0.01. A full-
factorial model was utilized to detect potential interaction effects
between tinnitus and diabetes on CBF differences. Significant
thresholds were corrected using cluster-level family-wise error
(FWE), and the threshold was set at p < 0.01.

The relationships between abnormal CBF in certain brain
areas and THQ scores, cognitive performance, and glucose
levels were further calculated. First, the brain regions that
showed significant differences between the two groups were
extracted, and the mean z values of abnormal CBF region
mask were calculated within each subject. Then, Pearson
correlation analysis between the mean z values and THQ scores,
cognitive performance, and glucose characteristic was performed
using SPSS software. Partial correlations were calculated after
correction for age, gender, and education. P < 0.05 was
considered statistically significant.

RESULTS

A set of Chinese Han population was tested in the current
study. The average age for tinnitus was 49.81 £ 10.57 years,
and duration of tinnitus was 37.07 & 34.40 months. There are

TABLE 4 | Regions showing interaction effects of tinnitus and diabetes on CBF.

Brain regions BA Peak MNI Peak T Cluster
coordinates x, value size
Y, Z (mm) (voxels)
R medial prefrontal gyrus 24 7,51, -8 3.9320 95

Thresholds were set at a corrected p < 0.01 corrected by FWE criterion. R, right.
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FIGURE 4 | The significant correlations between the CBF changes and the clinical data in tinnitus patients. (A) CBF in the right mPFG was negatively associated with
THQ scores (r =-0.319, p = 0.018). (B) CBF in the right mPFG was negatively associated with TMT-B scores (r = —0.336, p = 0.012). (C) CBF in the right mPFG was
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no significant differences between tinnitus patients and controls
in terms of age, gender, and education level. Key diabetes
characteristics (i.e., HbA,, fasting glucose, and lipid levels) also
did not differ meaningfully between the two groups. All subjects
exhibited normal performance according to MMSE score. We
detected a trend for a difference in TMT-A and TMT-B scores
(p < 0.001) between groups (Table 1). There were no significant
differences of auditory thresholds between tinnitus patients and
non-tinnitus controls (Figure 1).

In the current study, none of structural changes in specific
brain regions were observed between patients with chronic
tinnitus and non-tinnitus controls (p > 0.05). Besides, the GM,
WM, and BP volumes of each group were not significantly
different (Table 2). We also did not observe any differences of
the brain volumes between tinnitus patients with and without
diabetes (p > 0.05).

The tinnitus patients displayed disrupted CBE primarily in
the auditory area and DMN, including the decreased CBF
regions, namely, right superior temporal gyrus (STG), left
posterior cingulate cortex (PCC), and right medial prefrontal
gyrus (mPFG) (p < 0.01, corrected; Table 3 and Figure 2A). The
CBF values in each brain region for different groups are shown in
Figure 3. The interaction effect between tinnitus and diabetes was
significant in the right mPFG (p < 0.01, corrected; Table 4 and
Figure 2B). We did not observe other abnormal DMN regions in
tinnitus patients with or without diabetes.

By calculating correlations between CBF in certain areas and
THQ scores as well as cognitive scores (Figure 4), we observed
that the relative CBF in the right mPFG was correlated THQ
scores (r = —0.319, p = 0.018) and TMT-B scores (r = —0.336,
p =0.012). Moreover, HbA ;. was associated with CBF in the right
mPFQG in tinnitus patients (r = 0.302, p = 0.025).

DISCUSSION

The current study quantified CBF in tinnitus patients and
investigated the influence of diabetes on the brain of tinnitus
patients. Compared to non-tinnitus controls, tinnitus patients
exhibit reduced CBF, which was directly associated with
the severity of tinnitus. Interestingly, we also revealed that
diabetes exacerbated CBF reduction in tinnitus patients, and

poorly controlled glucose level was associated with decreased
brain perfusion.

Structural alterations could contribute to aberrant brain
perfusion; however, we did not detect structural alterations
between tinnitus patients and non-tinnitus subjects in this study.
It could be explained by the relatively younger ages and shorter
duration of the tinnitus population. Considering the lack of
structural change, our results indicated that CBF changes related
to tinnitus can occur prior to structural abnormalities.

In our study, main effects of tinnitus were primarily in
auditory and DMN regions. Self-directed attention and poor
performance on memory tasks could be regarded as symptomatic
of a hyperactive autobiographical memory network, known as
the DMN in its “resting-state” form, which is responsible for
rumination and introspection. The DMN, consisting of nodes
in the PCC/anterior cingulate cortex, medial prefrontal cortex,
middle temporal cortex, precuneus, and IPL, is active at rest and
suspended when entering a task-based state involving attention
or goal-directed behavior. Chen et al. investigate the disrupted
intrinsic functional connectivity within the DMN regions in
tinnitus patients (Chen et al., 2018a), which was correlated with
cognitive performance (Chen et al., 2018b). Previous research
also implicated a negative influence of tinnitus on verbal fluency,
which could be related to a deficit in executive cognitive control
(Cardon et al.,, 2019). Similarly, a previous systematic review
indicates the presence of tinnitus negatively impacts the cognitive
functioning, particularly attentional functioning (Trevis et al.,
2018). Consistent with these, TMT-B test, as a reflection of
execution and attention, also showed significant differences
between tinnitus patients and controls and is correlated with the
diminished CBF in mPFG in the current study. TMT-B score is
a neurocognitive test that reflects the function of the prefrontal
cortex, and it has been commonly used to define cognitive
impairments, especially the executive dysfunction (Ardila et al.,
2000). Medial prefrontal cortex takes charge of the ongoing
supervision of information and coordinates the activities of
multiple cortical regions (Krueger et al., 2007). It is also involved
in auditory attention and exerts early inhibitory modulation of
input to auditory cortex (Knight et al., 1989). Task MRI study
has postulated that the impairment of executive function caused
by prefrontal cortex changes could be an important factor in
the generation and persistence of tinnitus (Araneda et al., 2017).
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Previous studies have also suggested the mPFG as an important
role in chronic tinnitus (Rauschecker et al., 2015; Araneda et al.,
2017; Chen et al., 2018a,b). The relationships between CBF and
THQ as well as CBF and TMT-B scores probably support the
hypothesis that an abnormal perfusion pattern within DMN
and auditory region may play a vital role in tinnitus-related
cognitive impairment.

Furthermore, the mPFG works as a vital hub of the DMN
and is also considered as a region vulnerable to T2DM.
A neuroimaging study focusing on the brain glucose metabolic
changes assessed by '8F-fluorodeoxyglucose PET reported that
the terrible executive function and memory impairment in
T2DM correlated with reduced glucose metabolism in the medial
prefrontal cortex regions (Garcia-Casares et al., 2014). In another
fMRI study exploring the diabetic DMN regions, T2DM patients
showed increased connectivity in the medial prefrontal cortex
(Cui et al., 2015). In addition, animal experiment also suggested
that axon initial segments were significantly shortened in medial
prefrontal cortex of db/db mice, a diabetic animal model,
compared with controls (Yermakov et al., 2019). In the current
study, higher blood glucose levels were correlated with lower CBF
values in tinnitus patients, indicating that hyperglycemic state has
a negative impact on the brain perfusion in tinnitus patients, and
tinnitus patients may benefit from controlled glucose levels to
maintain better cognitive functions.

Several limitations of this study should be summarized.
First, while we presented some preliminary evidences supporting
a possible relationship between the brain perfusion and the
cognitive performance, as well as tinnitus distress, it is still
inconclusive at this point, and more longitudinal study with
bigger sample size of the relationships is required. Second,
because of the limited sample size, we did not conduct subgroup
analysis. However, the comparison between the left-sided, right-
sided, and bilateral tinnitus could be meaningful for the
mechanism of the lateralization in tinnitus. Finally, we cannot
completely prevent subjects from hearing some sound during the
MRI scan, although this study has attempted to minimize the
amount of scanner noise with earplugs. It should still be taken
into account while attempting to draw conclusions in studies
involving auditory stimulation in general.

In conclusion, the current study reveals that patients with
tinnitus exhibit disrupted CBF in DMN and auditory regions
and that reduced CBF in tinnitus patients associated with the
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