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Background: The glymphatic system has been regarded as a pivotal factor in
the pathogenesis of neurodegenerative diseases. Given the heightened risk of
cognitive impairment in chronic tinnitus patients, the possible alterations of the
glymphatic system in tinnitus patients remain elusive. This study was designed to
evaluate glymphatic dysfunction in chronic tinnitus patients using the diffusion
tensor imaging (DTI) along the perivascular space (DTI-ALPS) approach.

Methods: Fifty chronic tinnitus patients and 50 age, sex, and education-
matched healthy controls (HCs) with normal hearing thresholds were recruited.
The DTI-ALPS was calculated from each group. We investigated the differences
in the DTI-ALPS index between the tinnitus patients and HCs. The relationships
between the DTI-ALPS index and specific cognitive performance were further
assessed.

Results: There were significant differences in the DTI-ALPS index between the
two groups. The DTI-ALPS index was significantly lower in the tinnitus group
than in HCs group (p<0.01). In addition, the Dyyproj index was significantly
higher in the tinnitus group than in the HC group (p <0.01). In chronic tinnitus
patients, the decreased DTI-ALPS index was negatively associated with worse
TMT-B scores (r=-0.309, p =0.039). Moreover, the increased Dyyproj index
was negatively correlated with the reduced AVLT performances (r=-0413,
p=0.005).

Conclusion: In this current study, glymphatic system activity in chronic tinnitus
was investigated for the first time using DTI-ALPS index. Significant decrease in
glymphatic system function was detected in chronic tinnitus, which correlated
well with the specific cognitive performance. The current study may provide
pivotal imaging markers for chronic tinnitus with cognitive impairment.

KEYWORDS

chronic tinnitus, magnetic resonance imaging, diffusion tensor imaging, glymphatic
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1 Introduction

Chronic tinnitus refers to the phantom ringing, buzzing or hissing
sensation in the absence of external source (Moller, 2007; Wegger
et al, 2017; Bauer, 2018). Tinnitus patients often suffer from
depression, anxiety, and sleep problem that significantly impair the
quality of daily life (Reynolds et al., 2004; Langguth, 2011; Langguth
etal, 2013; Zeman et al., 2014; Bhatt et al., 2017). Previous research
has identified tinnitus as influencing cognitive domains such as
working memory and executive function (Hallam et al., 2004; Rossiter
etal., 2006; Wang et al., 2018). That is, cognitive dysfunction of tinnitus
patients could result in brain changes and added the likelihood of
developing dementia or other neurodegenerative diseases (Jafari et al.,
2019; Malesci et al., 2021). However, the neurophysiological
mechanism of cognitive impairment associated with tinnitus
remains unknown.

Recent studies have shown that glymphatic system plays a pivotal
role in removing metabolic waste from the brain (Rasmussen et al.,
2018). The glymphatic system involves the interaction between
cerebrospinal fluid (CSF) and brain interstitial fluid (ISF). The fluid
then exits the brain parenchyma through venous perivascular spaces,
clearing waste such as amyloid beta (Af) and tau protein into
meningeal lymphatic vessels (Bakker et al., 2016). When the clearance
function for AP and tau protein is compromised, the balance will
be broken, and the accumulation and aberrant deposition of Ap and
tau will lead to a cascade of damages, ultimately resulting in cognitive
decline. Dysfunction in the glymphatic system has been implicated in
neurodegenerative diseases (Rasmussen et al., 2018; Ciurea et al.,
2023). However, none of studies have focused on investigating brain
glymphatic dysfunction in chronic tinnitus to date.

Advances in magnetic resonance imaging (MRI) have made it
possible to study intrinsic brain structure and function in tinnitus.
Using diffusion tensor imaging (DTI), previous studies have
demonstrated white matter (WM) structural alterations in tinnitus
patients (Ahmed et al, 2021). Furthermore, prior resting-state
functional magnetic resonance imaging (fMRI) studies have also
indicated brain reorganization at the chronic stage of tinnitus (Husain
and Schmidt, 2014; Chen et al., 2016; Chen et al., 2017a; Chen et al.,
2017b; Chen et al., 2018a; Lan et al., 2022a). However, none of the
previous neuroimaging studies have focused on brain glymphatic
function in tinnitus. Derived from MRI, DTT along the perivascular
space (DTI-ALPS) offers a promising non-invasive technique for
evaluating brain glymphatic function (Taoka et al.,, 2017), which
provides an assessment of the motion of water molecules in the
perivascular network. DTI-ALPS has been proposed as an effective
method for reflecting the brain’s glymphatic system, which has been
widely used in Alzheimer’s disease (AD) (Taoka et al., 2017), mild
cognitive impairment (Liang et al., 2023), traumatic brain injury
(Butler et al., 2023), and presbycusis (Xu et al., 2024). Nevertheless,
the relationship between brain glymphatic system function and
tinnitus using DTI-ALPS has not been investigated in previous studies.

In the current study, our objective was to use the DTI-ALPS index
for evaluating glymphatic system function in chronic tinnitus patients
and healthy controls (HCs) with normal hearing. According to
evidences from neuroimaging and clinical research, we hypothesized
that chronic tinnitus may have impaired glymphatic function linked
with cognitive impairment, which could provide novel enlightenment
of the neuropathological mechanisms for chronic tinnitus. The current
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study explored for the first time to detect glymphatic dysfunction related
to cognitive impairment in chronic tinnitus using DTI-ALPS technique.

2 Materials and methods

2.1 Subjects

The current study was approved by the Ethics Committee of Nanjing
First Hospital (approval number: KY20220124-05). All subjects provided
written informed consent before their participation in this study. Fifty
chronic tinnitus patients were included from otolaryngology department
while 50 age, sex, and education well-matched HCs were recruited. All
individuals were 30-70years old, right-handed and completed more than
9years of education. Patients had bilateral or central tinnitus without
hearing loss (hearing threshold <25dB). The hearing thresholds of both
ears were assessed by puretone audiometry (PTA) at the frequencies of
250Hz, 500 Hz, 1,000 Hz, 2,000 Hz, 4,000 Hz, and 8,000 Hz. Tinnitus
severity was assessed by Tinnitus Handicap Questionnaires (THQ) (Kuk
et al,, 1990), which was categorized as mild, moderate or severe
(McCombe et al., 2001). Twenty patients had mild tinnitus, 15 moderate
tinnitus, and 15 severe tinnitus. All HCs and most tinnitus patients had
normal hearing. Evaluation of tinnitus related depression and anxiety
symptoms were assessed using the Self-Rating Depression Scale (SDS)
and Self-Rating Anxiety Scale (SAS) (Zung, 1971; Zung, 1986).

Exclusion criteria included the following: (1) pulsatile tinnitus,
hyperacusis, Meniere’s diseases; (2) ear surgery, acoustic neurinoma,
use of ototoxic drugs; (3) severe smoking, alcoholism, drug addiction,
stroke, head injury, AD, Parkinson’s disease (PD), epilepsy,
schizophrenia; (4) other major central nervous system disorders; and
(5) MRI contraindications. The demographics and clinical information
of the chronic tinnitus patients and HCs are presented in Table 1.

2.2 Cognitive assessment

The cognitive status was assessed using the Mini Mental State Exam
(MMSE) (Galea and Woodward, 2005), Montreal Cognitive Assessment
(MoCA) (Nasreddine et al., 2005), Auditory Verbal Learning Test
(AVLT) (Schmidt, 1996), Complex Figure Test (CFT) (Shin et al., 2006),
Digit Span Test (DST) (Hale et al., 2002), Trail-Making Test (TMT) A
and B (Bowie and Harvey, 2006), Clock-Drawing Test (CDT) (Samton
et al., 2005), Verbal Fluency Test (VFT) (Mok et al., 2004), and Digit
Symbol Substitution Test (DSST) (Bettcher et al., 2011).

2.3 MR data acquisition

MRI data were obtained using a 3.0-T MR imaging system
(Ingenia, Philips Medical Systems, Netherlands) with a 32-channel
receiver array head coil. To reduce head motion and scanner noise,
foam pad and earplugs were used. According to the manufacturer’s
specifications, the earplugs (Hearos Ultimate Softness Series, USA)
could attenuate scanner noise by almost 32 dB. The scan parameters of
DTI were as follows: TR=4,996ms, TE=102ms, slices="70, slice
thickness=2mm, gap=0, FA=90°, b-values=0 and 1,000s/mm?
matrix=128x128, and
FOV =200 mm x 200 mm. Structural images were obtained using a

diffusion gradient directions=32,

frontiersin.org


https://doi.org/10.3389/fnins.2024.1455294
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Duetal.

10.3389/fnins.2024.1455294

TABLE 1 Demographics and clinical information of chronic tinnitus patients and HCs.

Tinnitus (n = 50) HCs (n=50)
Age (year) 50.38+13.56 48.76 £15.21 0.575
Gender (male: female) 23/27 23/27 1
Education levels (years) 10.78 +1.81 10.94+1.87 0.664
Tinnitus duration (months) 31.20+31.00 - -
THQ score 51.51+15.64 - -
Hearing thresholds (left) 16.60+2.68 17.68 +3.81 0.103
Hearing thresholds (right) 16.85+3.03 17.10+3.48 0.703
Hearing thresholds (average) 16.73+£2.40 17.39+3.15 0.236
Gray matter volume (% of TIV) 32.16+2.05 32.75+1.92 0.212
White matter volume (% of TIV) 29.58+1.45 29.50+1.67 0.755
Brain parenchyma volume (% of TIV) 61.73+£2.88 62.25+3.01 0.494

Data are shown as mean + SD. HCs, healthy controls; THQ, Tinnitus Handicap Questionnaires.

high-resolution T'1-weighted gradient-echo sequence and the following
scan parameters: TR/TE=9.912/4.12 ms, slices = 160, thickness = 1 mm,
gap =0, FA =16°, matrix=256 x 256, and FOV =256 mm x 256 mm.

2.4 DTI data preprocessing

After converting the DWI-DICOM data to NIfTT format, the
following preprocessing steps were carried out: noise reduction,
correction for eddy current distortions, and mitigation of Gibbs
artifacts. Afterwards, a brain mask was generated, removing the skull,
to facilitate further data analysis. DTT parameter-maps were calculated
using the FSL Diffusion Toolbox.

2.5 DTI-ALPS index calculation

The DTI-ALPS index was calculated from diffusion-weighted
imaging data using the DTIFIT tool of the FMRIB Software Library
(FSL, Wellcome Centre for Integrative Neuroimaging, University of
Oxford, UK).! Detailed calculation process was illustrated in Figure 1
and previous study (Taoka et al., 2017; Xu et al., 2024). Initially, a
rectangular region of interest (ROI) was delineated. Subsequently, the
fiber orientation and diffusivities were extracted from the ROI as voxel
levels along the x, y, and z axes. For each fiber on the same x-axis
(projection, association, and subcortical fibers), we selected one ROI
that showed the maximum orientation. All the placements of ROI
were reviewed by an experienced radiologist. Diffusivity in the
directions of the x-axis (Dxx), y-axis (Dyy), and z-axis (Dzz) of ROIs
on projection fibers and association fibers were recorded as Dxxproj,
Dyyproj, Dzzproj, Dxxassoc, Dyyassoc, Dzzassoc, respectively. The
formula used to calculate the DTI-ALPS index is as follows:

mean (Dxxpmj » Dyxassoc )

ALPS index =
mean (D Vyproj » D:zass0c )

1 https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL
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2.6 Structural image analysis

Brain structures were calculated using VBM12 toolbox.” Structural
data were normalized and segmented into gray matter (GM), WM,
and CSF (Ashburner and Friston, 2005). Brain parenchyma volume
was measured as the sum of GM and WM volumes. The GM, WM,
and brain parenchyma volume were divided by the total intracranial
volume (TIV) to adjust for head size variability. T1 images were
normalized to the MNI template using affine linear registration
followed by Gaussian smoothing (FWHM =8 mm).

2.7 Statistical analysis

The differences in demographic and clinical information were
investigated using SPSS 26.0 (SPSS, Inc., Chicago, IL, USA). The
chi-square test was used for categorical variables such as gender, while
the independent samples t-test or Mann-Whitney U test was used for
continuous variables with normally distributed data, based on normal
distribution tested with the Shapiro-Wilk test. The DTI-ALPS index
was calculated for each group and its correlation with specific cognitive
performances was assessed using Pearson’s or Spearman’s correlation.
Bonferroni correction for multiple comparisons was carried out.
Statistical significance was determined using a two-tailed p-value of
less than 0.05.

3 Results
3.1 Demographic and clinical data

The demographic and clinical data from both groups are presented
in Table 1. No significant differences were detected between tinnitus
patients and HCs in terms of age, gender, education level, and hearing
thresholds. None of the tinnitus patients comorbid with depression or
anxiety symptoms. Compared with HCs, tinnitus patients revealed

2 http://www filion.ucl.ac.uk/spm
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significantly worse performances on the AVLT and TMT-B (p <0.05)
(Table 2). The other cognitive tests did not show significant decreases
(p>0.05).

3.2 Structural results

Compared with HCs, no significant differences of GM and WM
volumes were detected in tinnitus patients (p>0.05) (Table 1). After
Monte Carlo simulation correction, we detected no suprathreshold
voxel-wise differences of GM and WM volumes between tinnitus
patients and HCs.

TABLE 2 Cognitive characteristics of chronic tinnitus patients and HCs.

Tinnitus p value

(n=50)
MMSE 28.88+1.27 28.82+1.24 0.812
MoCA 25.74+1.72 26.20+1.76 0.19
AVLT 32.68+7.13 35.78+7.19 0.033*
CFT 34.40+1.76 34.71£1.53 0.348
CFT-delayed recall 16.83+3.40 17.32+3.69 0.492
DST 11.16 £1.60 11.80+2.14 0.093
TMT-A 69.34+20.44 69.44+21.13 0.981
TMT-B 183.10+51.57 152.36 +£48.65 0.003*
CDT 3.48+0.54 3.54+0.54 0.582
VFT 14.39+3.90 14.96 +3.68 0.46
DSST 69.78+£7.72 69.04+10.16 0.683
SAS 36.52+5.96 36.02+6.45 0.698
SDS 38.58+9.08 38.00+£9.14 0.751

Data are shown as mean = SD. *p value < 0.05. HCs, healthy controls; MMSE, Mini Mental
State Exam; MoCA, Montreal Cognitive Assessment; AVLT, Auditory Verbal Learning Test;
CFT, Complex Figure Test; DST, Digit Span Test. TMT, Trail Making Test; CDT, Clock
Drawing Test; VFT, Verbal Fluency Test; DSST, Digit Symbol Substitution Test; SAS, Self-
Rating Anxiety Scale; SDS, Self-Rating Depression Scale.

TABLE 3 Comparison of the diffusivities among tinnitus and HCs.

10.3389/fnins.2024.1455294

3.3 DTl analysis

There were significant differences in the Dyyproj and
DTI-ALPS indices between two groups (Table 3). The DTI-ALPS
index was significantly lower in the tinnitus group than in HCs
group (p<0.01) (Figure 2A). In addition, the Dyyproj index was
significantly higher in the tinnitus group than in the HCs group
(p<0.01) (Figure 2B). No significant differences were observed in
Dxxassoc, Dxxproj, Dyyassoc, Dzzassoc, or Dzzproj between the
tinnitus and HC groups.

3.4 Correlation analysis

In chronic tinnitus patients, the decreased DTI-ALPS index was
negatively associated with worse TMT-B scores (r=—0.309, p=0.039)
(Figure 3A). Moreover, the increased Dyyproj index was negatively
correlated with the reduced AVLT performances (r=—0.413, p=0.005)
(Figure 3B). Correlation analysis was adjusted for age, gender,
education, mean hearing thresholds, and GM volume. However, no
other diffusivities were associated with other tinnitus characteristics
or cognitive performances.

4 Discussion

In this study, we did not investigate any brain structural
differences between tinnitus patients and HCs, which was similar
with previous researches (Chen et al., 2017b; Chen et al., 2018b; Lan
etal,, 2022b). It could probably be due to the absence of hearing loss
over the extended frequencies range and absence of hyperacusis.
However, abnormal brain structural alterations due to tinnitus have
also been reported in prior researches (Schmidt et al., 2018; Elmer
et al, 2023). The heterogeneity of the tinnitus patients and
structural MRI analytical method may result in the discrepancy.
Nevertheless, the present findings suggest that glymphatic
dysfunction may exist prior to brain structural changes in tinnitus
without hearing loss.

Diffusivity Tinnitus (n =50) HCs (n =50) p value
Dxxproj 0.00060 +0.00005 0.00059 +0.00004 0.624
Dxxassoc 0.00063+0.00007 0.00062+0.00008 0.854
Dxxsub 0.00110+0.00010 0.00108+0.00013 0.895
Dyyproj 0.00042 +0.00006 0.00039 +0.00005 0.004*
Dyyassoc 0.00111+0.00007 0.00110+0.00005 0.768
Dyysub 0.000510.00011 0.00058 +0.00027 0.242
Dzzproj 0.00111+0.00006 0.00110+0.00006 0.558
Dzzassoc 0.00038 +0.00007 0.00036+0.00006 0.115
Dzzsub 0.00089+0.00033 0.00098 +0.00030 032
ALPS index 1.51839+0.11933 1.61730+0.14277 0.000%*

Data are shown as mean +SD. *p <0.01. HCs, healthy controls; Dxxproj, diffusivity along the x-axis in the projection fiber; Dxxassoc, diffusivity along the x-axis in the association fiber;
Dxxsub, diffusivity along the x-axis in the subcortical fiber; Dyyproj, diffusivity along the y-axis in the projection fiber; Dyyassoc, diffusivity along the y-axis in the association fiber; Dyysub,
diffusivity along the y-axis in the subcortical fiber; Dzzproj, diffusivity along the z-axis in the projection fiber; Dzzassoc, diffusivity along the z-axis in the association fiber; Dzzsub, diffusivity

along the z-axis in the subcortical fiber; ALPS, analysis along the perivascular space.
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DWI preprocessed

FIGURE 1

index.

.prujection fibers

.association fibers

— > ALPS index = "% PuxprojDrxassoc)
mean(Dyyproj.Dzzassoc)

DTI-ALPS calculation method. Schematic diagram of DTI-ALPS index measurement, including DTI fitting, ROls selection and calculation of DTI-ALPS

The glymphatic system’s role is to clear metabolic waste and
interstitial solutes from the brain parenchyma, including the CSF tau
protein (Iliff et al., 2013). Increasing evidences have supported that the
ALPS index is a promising alternative indicator for assessing the
function of the glymphatic system and has been widely used in a
variety of neurodegenerative diseases. Taoka et al. reported positive
correlation between reduced DTI-ALPS index and cognitive
dysfunction in AD patients for the first time (Taoka et al., 2017). Xu
et al. demonstrated reduced glymphatic function in presbycusis
patients with cognitive impairment compared to those with normal
cognition and HCs (Xu et al, 2024). Sha et al. identified that a
significant decrease in glymphatic system function was detected in
children with congenital sensorineural hearing loss, which was
correlated well with the age (Sha et al., 2024). Our results indicated
reduced DTI-ALPS index and increased Dyyproj index in chronic
tinnitus patients, which was correlated with specific neuropsychological
tests (AVLT and TMT-B). Based on the aforementioned findings,
DTI-ALPS is pivotal in detecting functional changes in the glymphatic
system and underscoring the potential value of the ALPS index as a
biological indicator of neuropathological conditions.

Multidimensional cognitive performances were conducted to
evaluate the cognitive and psychological status for each subject.
However, most tests showed non-significant differences between
groups but the AVLT and TMT-B performances. The AVLT and
TMT-B scores in tinnitus group showed significant decreases compared
with the scores of the control group, suggesting that chronic tinnitus
perception may cause overt impairment of memory and executive
function, which was in consistent with previous studies (Chen et al.,
2018b). Moreover, the correlation between AVLIT, TMT-B and
DTI-ALPS index had been detected, suggesting that the glymphatic
system could have an impact on the memory function and information
processing speed. Hsu et al. demonstrated that glymphatic system
activity may act as a significant mediator in AD-related brain regions,
which are responsible for memory function and information processing
speed (Hsu et al., 2023). Moreover, prior studies also detected the
relationships between glymphatic dysfunction and memory decline in
many neurodegenerative diseases (Buccellato et al., 2022; Kamagata
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FIGURE 2

Differences between the glymphatic system functions of chronic
tinnitus and HCs. (A) The figure shows that the DTI-ALPS index of
tinnitus is significantly lower than that of HCs. (B) Dyyproj index was
significantly higher in the tinnitus group than in the HC group.

etal, 2022; Liang et al., 2023). Therefore, it is reasonable to speculate
that chronic tinnitus with cognitive impairment may have glymphatic
impairment. Nonetheless, we did not detect a direct relationship
between glymphatic dysfunction and cognitive impairment in chronic
tinnitus. Whether and how tinnitus plays a critical role in glymphatic
function still remains to be further determined.

The present study had several limitations. First, the generalisability
of the findings may be limited by the relatively small sample size. It is
difficult to make causal deduction regarding the relationship between
the glymphatic function and cognitive impairment in chronic tinnitus
patients. Second, chronic tinnitus patients often suffer from sleep
problems, which may cause glymphatic system dysfunction in prior
studies (Chong et al., 2022). However, the sleep status of our tinnitus
patients was not evaluated in this study. Furthermore, although this
study has attempted to minimize the scanner noise with earplugs,
we cannot completely prevent subjects from hearing some sound. This
limitation should be taken into consideration while attempting to draw
conclusions on resting-state fMRI results in auditory field. Finally, the
ROI along the periventricular area was manually drawn, introducing a
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FIGURE 3
Correlation analysis. (A) In chronic tinnitus patients, the decreased DTI-ALPS index was negatively associated with the poorer TMT-B scores (r = —0.309,
p =0.039). (B) The increased Dyyproj index was negatively correlated with the reduced AVLT performances (r = —0.413, p = 0.005).

subjective factor to our measurement. Though the DTI-ALPS measured
in the periventricular area may reflect the integrity of the focal lymphatic
system, it was not possible to comprehensively assess focal perivascular
spread (Taoka et al., 2024). Thus, for the evaluation of glymphatic
system function, it is now considered necessary to evaluate not only the
ALPS method, but also a combination of other methods such as choroid
plexus volume and perivascular space volume.

5 Conclusion

In summary, we used the DTI-ALPS algorithm to detect a
prominent decrease of the glymphatic function in chronic tinnitus
patients while negative relationships between glymphatic dysfunction
and specific cognitive performance were observed. DTI-ALPS index
may provide useful disease progression or treatment biomarkers for
tinnitus patients as an indicator of modulation of glymphatic function.
Further studies are needed to focus on investigating the diagnostic and
therapeutic implications of glymphatic dysfunction in tinnitus
patients with cognitive impairment.

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 humans were approved by the Ethics
Committee of Nanjing First Hospital (approval number: KY20220124-
05). The studies were conducted in accordance with the local
legislation and institutional requirements. The participants provided
their written informed consent to participate in this study.

Frontiers in Neuroscience

Author contributions

YD: Conceptualization, Data curation, Formal analysis,
Resources, Validation, Writing - original draft. ZH: Conceptualization,
Data curation, Methodology, Resources, Writing - original draft. YW:
Formal analysis, Investigation, Resources, Software, Writing — review
& editing. YX: Conceptualization, Resources, Software, Supervision,
Validation, Writing - review & editing. ZC: Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Validation, Writing - review & editing.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article. This
work was supported by the Medical Science and Technology
Development Foundation of Nanjing Department of Health (No.
YKK22151).

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.

frontiersin.org


https://doi.org/10.3389/fnins.2024.1455294
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Duetal.

References

Ahmed, S., Mohan, A., Yoo, H. B., To, W. T., Kovacs, S., Sunaert, S., et al. (2021).
Structural correlates of the audiological and emotional components of chronic tinnitus.
Prog. Brain Res. 262, 487-509. doi: 10.1016/bs.pbr.2021.01.030

Ashburner, J., and Friston, K. J. (2005). Unified segmentation. Neurolmage 26,
839-851. doi: 10.1016/j.neuroimage.2005.02.018

Bakker, E. N., Bacskai, B. J., Arbel-Ornath, M., Aldea, R., Bedussi, B., Morris, A. W.,
et al. (2016). Lymphatic clearance of the brain: perivascular, Paravascular and
significance for neurodegenerative diseases. Cell. Mol. Neurobiol. 36, 181-194. doi:
10.1007/s10571-015-0273-8

Bauer, C. A. (2018). Tinnitus. N. Engl. J. Med. 378, 1224-1231. doi: 10.1056/
NEJMcp1506631

Bettcher, B. M., Libon, D. J., Kaplan, E., Swenson, R., and Penney, D. L. (2011). “Digit
symbol substitution test” in Encyclopedia of clinical neuropsychology. eds. J. S.
Kreutzer, J. DeLuca and B. Caplan (London, NY: Springer), 849-853.

Bhatt, J. M, Bhattacharyya, N., and Lin, H. W. (2017). Relationships between tinnitus
and the prevalence of anxiety and depression. Laryngoscope 127, 466-469. doi: 10.1002/
lary.26107

Bowie, C. R., and Harvey, P. D. (2006). Administration and interpretation of the trail
making test. Nat. Protoc. 1,2277-2281. doi: 10.1038/nprot.2006.390

Buccellato, E. R, D'Anca, M., Serpente, M., Arighi, A., and Galimberti, D. (2022). The
role of Glymphatic system in Alzheimer's and Parkinson's disease pathogenesis.
Biomedicines 10:2261. doi: 10.3390/biomedicines10092261

Butler, T., Zhou, L., Ozsahin, 1., Wang, X. H., Garetti, ]., Zetterberg, H., et al. (2023).
Glymphatic clearance estimated using diffusion tensor imaging along perivascular
spaces is reduced after traumatic brain injury and correlates with plasma neurofilament
light, a biomarker of injury severity. Brain Commun. 5:fcad134. doi: 10.1093/
braincomms/fcad134

Chen, Y.-C,, Feng, Y., Xu, J.-J., Mao, C.-N,, Xia, W,, Ren, J., et al. (2016). Disrupted
brain functional network architecture in chronic tinnitus patients. Front. Aging Neurosci.
8:174. doi: 10.3389/fnagi.2016.00174

Chen, Y.-C,, Liu, S., Lv, H,, Bo, E, Feng, Y., Chen, H., et al. (2018a). Abnormal resting-
state functional connectivity of the anterior cingulate cortex in unilateral chronic
tinnitus patients. Front. Neurosci. 12:9. doi: 10.3389/fnins.2018.00009

Chen, Y.-C., Wang, E, Jie Wang, F. B., Xia, W, Gu, J.-P,, and Yin, X. (2017a). Resting-
state brain abnormalities in chronic subjective tinnitus: a meta-analysis. Front. Hum.
Neurosci. 11:22. doi: 10.3389/fnhum.2017.00022

Chen, Y. C, Xia, W,, Chen, H,, Feng, Y., Xu, J. J., Gu, J. P, et al. (2017b). Tinnitus
distress is linked to enhanced resting-state functional connectivity from the limbic
system to the auditory cortex. Hum. Brain Mapp. 38, 2384-2397. doi: 10.1002/
hbm.23525

Chen, Y. C,, Zhang, H., Kong, Y., Lv, H., Cai, Y., Chen, H.,, et al. (2018b). Alterations
of the default mode network and cognitive impairment in patients with unilateral
chronic tinnitus. Quant. Imaging Med. Surg. 8,1020-1029. doi: 10.21037/qims.2018.11.04

Chong, P. L. H,, Garic, D., Shen, M. D., Lundgaard, I., and Schwichtenberg, A. J.
(2022). Sleep, cerebrospinal fluid, and the glymphatic system: a systematic review. Sleep
Med. Rev. 61:101572. doi: 10.1016/j.smrv.2021.101572

Ciurea, A. V., Mohan, A. G., Covache-Busuioc, R. A., Costin, H. P, and
Saceleanu, V. M. (2023). The brain’s Glymphatic system: drawing new perspectives in
neuroscience. Brain Sci. 13:1005. doi: 10.3390/brainscil13071005

Elmer, S., Schmitt, R., Giroud, N., and Meyer, M. (2023). The neuroanatomical
hallmarks of chronic tinnitus in comorbidity with pure-tone hearing loss. Brain Struct.
Funct. 228, 1511-1534. doi: 10.1007/s00429-023-02669-0

Galea, M., and Woodward, M. (2005). Mini-mental state examination (MMSE).
Austral. ]. Physiother. 51:198. doi: 10.1016/s0004-9514(05)70034-9

Hale, J. B., Hoeppner, J.-A. B, and Fiorello, C. A. (2002). Analyzing digit span
components for assessment of attention processes. J. Psychoeduc. Assess. 20, 128-143.
doi: 10.1177/073428290202000202

Hallam, R., McKenna, L., and Shurlock, L. (2004). Tinnitus impairs cognitive
efficiency. Int. J. Audiol. 43, 218-226. doi: 10.1080/14992020400050030

Hsu, J. L., Wei, Y. C., Toh, C. H., Hsiao, I. T,, Lin, K. J., Yen, T. C., et al. (2023).
Magnetic resonance images implicate that glymphatic alterations mediate cognitive
dysfunction in Alzheimer disease. Ann. Neurol. 93, 164-174. doi: 10.1002/ana.26516

Husain, F. T., and Schmidt, S. A. (2014). Using resting state functional connectivity
to unravel networks of tinnitus. Hear. Res. 307, 153-162. doi: 10.1016/j.
heares.2013.07.010

1liff, J. J., Wang, M., Zeppenfeld, D. M., Venkataraman, A., Plog, B. A,, Liao, Y.,
et al. (2013). Cerebral arterial pulsation drives paravascular CSF-interstitial fluid
exchange in the murine brain. J. Neurosci. 33, 18190-18199. doi: 10.1523/
JNEUROSCI.1592-13.2013

Jafari, Z., Kolb, B. E., and Mohajerani, M. H. (2019). Age-related hearing loss and
tinnitus, dementia risk, and auditory amplification outcomes. Ageing Res. Rev.
56:100963. doi: 10.1016/j.arr.2019.100963

Frontiers in Neuroscience

10.3389/fnins.2024.1455294

Kamagata, K., Andica, C., Takabayashi, K., Saito, Y., Taoka, T., Nozaki, H., et al. (2022).
Association of MRI indices of glymphatic system with amyloid deposition and cognition
in mild cognitive impairment and Alzheimer disease. Neurology 99, 2648-¢2660. doi:
10.1212/WNL.0000000000201300

Kuk, E K., Tyler, R. S., Russell, D., and Jordan, H. (1990). The psychometric properties
of a tinnitus handicap questionnaire. Ear Hear. 11, 434-445. doi:
10.1097/00003446-199012000-00005

Lan, L., Chen, Y. C,, Shang, S., Lu, L., Xu, J. J., Yin, X,, et al. (2022a). Topological
features of limbic dysfunction in chronicity of tinnitus with intact hearing: new
hypothesis for ‘noise-cancellation’ mechanism. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 113:110459. doi: 10.1016/j.pnpbp.2021.110459

Lan, L, Liu, Y., Wu, Y,, Xu, Z. G,, Xu, J. ], Song, J. ], et al. (2022b). Specific brain
network predictors of interventions with different mechanisms for tinnitus patients.
EBioMedicine 76:103862. doi: 10.1016/j.ebiom.2022.103862

Langguth, B. (2011). A review of tinnitus symptoms beyond ‘ringing in the ears: a call
to action. Curr. Med. Res. Opin. 27, 1635-1643. doi: 10.1185/03007995.2011.595781

Langguth, B., Kreuzer, P. M., Kleinjung, T., and De Ridder, D. (2013). Tinnitus: causes
and clinical management. Lancet Neurol. 12, 920-930. doi: 10.1016/
S$1474-4422(13)70160-1

Liang, T., Chang, E, Huang, Z., Peng, D., Zhou, X., and Liu, W. (2023). Evaluation of
glymphatic system activity by diffusion tensor image analysis along the perivascular
space (DTI-ALPS) in dementia patients. Br. J. Radiol. 96:20220315. doi: 10.1259/
bjr.2022031 5

Malesci, R., Brigato, E, Di Cesare, T., Del Vecchio, V., Laria, C., De Corso, E., et al.
(2021). Tinnitus and neuropsychological dysfunction in the elderly: a systematic review
on possible links. J. Clin. Med. 10:1881. doi: 10.3390/jcm10091881

McCombe, A., Baguley, D., Coles, R., McKenna, L., McKinney, C., and
Windle-Taylor, P. (2001). Guidelines for the grading of tinnitus severity: the results of a
working group commissioned by the British Association of Otolaryngologists, head and
neck  surgeons, 1999. Clin. Otolaryngol. 26,  388-393. doi:
10.1046/j.1365-2273.2001.00490.x

Mok, E. H. L., Lam, L. C. W,, and Chiu, H. E. K. (2004). Category verbal fluency test
performance in Chinese elderly with Alzheimer’s disease. Dement. Geriatr. Cogn. Disord.
18, 120-124. doi: 10.1159/000079190

Moller, A. R. (2007). Tinnitus: presence and future. Prog. Brain Res. 166, 3-16. doi:
10.1016/S0079-6123(07)66001-4

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead, V.,
Collin, I, et al. (2005). The Montreal cognitive assessment, MoCA: a brief screening tool
for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695-699. doi:
10.1111/j.1532-5415.2005.53221.x

Rasmussen, M. K., Mestre, H., and Nedergaard, M. (2018). The glymphatic pathway
in neurological disorders. Lancet Neurol. 17, 1016-1024. doi: 10.1016/
S1474-4422(18)30318-1

Reynolds, P, Gardner, D., and Lee, R. (2004). Tinnitus and psychological morbidity:
a cross-sectional study to investigate psychological morbidity in tinnitus patients and its
relationship with severity of symptoms and illness perceptions. Clin. Otolaryngol. Allied
Sci. 29, 628-634. doi: 10.1111/j.1365-2273.2004.00879.x

Rossiter, S., Stevens, C., and Walker, G. (2006). Tinnitus and its effect on working
memory and attention. J. Speech Lang. Hear. Res. 49, 150-160. doi:
10.1044/1092-4388(2006/012)

Samton, J. B., Ferrando, S. J., Sanelli, P., Karimi, S., Raiteri, V., and Barnhill, J. W.
(2005). The clock drawing test: diagnostic, functional, and neuroimaging correlates in
older medically ill adults. J. Neuropsychiatry Clin. Neurosci. 17, 533-540. doi: 10.1176/
jnp.17.4.533

Schmidt, M. (1996). Rey auditory verbal learning test: a handbook. Los Angeles, CA:
Western Psychological Services.

Schmidt, S. A., Zimmerman, B., Bido Medina, R. O., Carpenter-Thompson, J. R., and
Husain, F. T. (2018). Changes in gray and white matter in subgroups within the tinnitus
population. Brain Res. 1679, 64-74. doi: 10.1016/j.brainres.2017.11.012

Sha, L., Xu, Z. G., and Chen, Y. C. (2024). Glymphatic system dysfunction in
congenital sensorineural hearing loss: a DTI-ALPS study. Curr. Med. Imaging. doi: 1
0.2174/0115734056305276240730113140 Online ahead of print.

Shin, M.-S., Park, S.-Y,, Park, S.-R., Seol, S.-H., and Kwon, J. S. (2006). Clinical and
empirical applications of the Rey-Osterrieth complex figure test. Nat. Protoc. 1, 892-899.
doi: 10.1038/nprot.2006.115

Taoka, T., Ito, R., Nakamichi, R., Nakane, T., Kawai, H., and Naganawa, S. (2024).
Diffusion tensor image analysis ALong the perivascular space (DTI-ALPS): revisiting
the meaning and significance of the method. Magn. Reson. Med. Sci. 23, 268-290. doi:
10.2463/mrms.rev.2023-0175

Taoka, T., Masutani, Y., Kawai, H., Nakane, T., Matsuoka, K., Yasuno, E, et al. (2017).
Evaluation of glymphatic system activity with the diffusion MR technique: diffusion
tensor image analysis along the perivascular space (DTI-ALPS) in Alzheimer's disease
cases. Jpn. J. Radiol. 35, 172-178. doi: 10.1007/s11604-017-0617-z

frontiersin.org


https://doi.org/10.3389/fnins.2024.1455294
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/bs.pbr.2021.01.030
https://doi.org/10.1016/j.neuroimage.2005.02.018
https://doi.org/10.1007/s10571-015-0273-8
https://doi.org/10.1056/NEJMcp1506631
https://doi.org/10.1056/NEJMcp1506631
https://doi.org/10.1002/lary.26107
https://doi.org/10.1002/lary.26107
https://doi.org/10.1038/nprot.2006.390
https://doi.org/10.3390/biomedicines10092261
https://doi.org/10.1093/braincomms/fcad134
https://doi.org/10.1093/braincomms/fcad134
https://doi.org/10.3389/fnagi.2016.00174
https://doi.org/10.3389/fnins.2018.00009
https://doi.org/10.3389/fnhum.2017.00022
https://doi.org/10.1002/hbm.23525
https://doi.org/10.1002/hbm.23525
https://doi.org/10.21037/qims.2018.11.04
https://doi.org/10.1016/j.smrv.2021.101572
https://doi.org/10.3390/brainsci13071005
https://doi.org/10.1007/s00429-023-02669-0
https://doi.org/10.1016/s0004-9514(05)70034-9
https://doi.org/10.1177/073428290202000202
https://doi.org/10.1080/14992020400050030
https://doi.org/10.1002/ana.26516
https://doi.org/10.1016/j.heares.2013.07.010
https://doi.org/10.1016/j.heares.2013.07.010
https://doi.org/10.1523/JNEUROSCI.1592-13.2013
https://doi.org/10.1523/JNEUROSCI.1592-13.2013
https://doi.org/10.1016/j.arr.2019.100963
https://doi.org/10.1212/WNL.0000000000201300
https://doi.org/10.1097/00003446-199012000-00005
https://doi.org/10.1016/j.pnpbp.2021.110459
https://doi.org/10.1016/j.ebiom.2022.103862
https://doi.org/10.1185/03007995.2011.595781
https://doi.org/10.1016/S1474-4422(13)70160-1
https://doi.org/10.1016/S1474-4422(13)70160-1
https://doi.org/10.1259/bjr.20220315
https://doi.org/10.1259/bjr.20220315
https://doi.org/10.3390/jcm10091881
https://doi.org/10.1046/j.1365-2273.2001.00490.x
https://doi.org/10.1159/000079190
https://doi.org/10.1016/S0079-6123(07)66001-4
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1016/S1474-4422(18)30318-1
https://doi.org/10.1016/S1474-4422(18)30318-1
https://doi.org/10.1111/j.1365-2273.2004.00879.x
https://doi.org/10.1044/1092-4388(2006/012)
https://doi.org/10.1176/jnp.17.4.533
https://doi.org/10.1176/jnp.17.4.533
https://doi.org/10.1016/j.brainres.2017.11.012
https://doi.org/10.2174/0115734056305276240730113140
https://doi.org/10.2174/0115734056305276240730113140
https://doi.org/10.1038/nprot.2006.115
https://doi.org/10.2463/mrms.rev.2023-0175
https://doi.org/10.1007/s11604-017-0617-z

Duetal.

Wang, Y., Zhang, J. N, Hu, W, Li, J. ., Zhou, J. X,, Zhang, J. P, et al. (2018). The
characteristics of cognitive impairment in subjective chronic tinnitus. Brain Behav.
8:00918. doi: 10.1002/brb3.918

Wegger, M., Ovesen, T, and Larsen, D. G. (2017). Acoustic coordinated reset
Neuromodulation: a systematic review of a novel therapy for tinnitus. Front. Neurol. 8:36.
doi: 10.3389/fneur.2017.00036

Xu, K., Zhang, J., Xing, C., Xu, X,, Yin, X,, Wu, Y,, et al. (2024). Evaluation of
glymphatic system activity by diffusion tensor image analysis along the perivascular
space in presbycusis. CNS Neurosci. Ther. 30:e14458. doi: 10.1111/cns.14458

Frontiers in Neuroscience

10.3389/fnins.2024.1455294

Zeman, E, Koller, M., Langguth, B., and Landgrebe, M. (2014). Which tinnitus-
related aspects are relevant for quality of life and depression: results from a large
international multicentre sample. Health Qual. Life Outcomes 12:7. doi:
10.1186/1477-7525-12-7

Zung, W. W. (1971). A rating instrument for anxiety disorders. Psychosomatics 12,
371-379. doi: 10.1016/S0033-3182(71)71479-0

Zung, W. (1986). “Zung self-rating depression scale and depression status inventory”
in Assessment of depression. eds. N. Sartorius and T. A. Ban (Berlin, Heidelberg:
Springer), 221-231.

08 frontiersin.org


https://doi.org/10.3389/fnins.2024.1455294
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1002/brb3.918
https://doi.org/10.3389/fneur.2017.00036
https://doi.org/10.1111/cns.14458
https://doi.org/10.1186/1477-7525-12-7
https://doi.org/10.1016/S0033-3182(71)71479-0

	Glymphatic system dysfunction associated with cognitive impairment in chronic tinnitus patients
	1 Introduction
	2 Materials and methods
	2.1 Subjects
	2.2 Cognitive assessment
	2.3 MR data acquisition
	2.4 DTI data preprocessing
	2.5 DTI-ALPS index calculation
	2.6 Structural image analysis
	2.7 Statistical analysis

	3 Results
	3.1 Demographic and clinical data
	3.2 Structural results
	3.3 DTI analysis
	3.4 Correlation analysis

	4 Discussion
	5 Conclusion

	References

