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During the past several years, the rapid development of neuroimaging techniques has contributed greatly in the noninvasive
imaging studies of tinnitus. The aim of the present study was to explore the brain anatomical alterations in patients with right-
sided unilateral pulsatile tinnitus (PT) in the early stage of PT symptom using voxel-based morphometry (VBM) analysis.
Twenty-four patients with right-sided pulsatile tinnitus and 24 age- and gender-matched normal controls were recruited to this
study. Structural image data preprocessing was performed using VBMS8 toolbox. Tinnitus Handicap Inventory (THI) score was
acquired in the tinnitus group to assess the severity of tinnitus and tinnitus-related distress. Two-sample t-test and Pearson’s
correlation analysis were used in statistical analysis. Patients with unilateral pulsatile tinnitus had significantly increased gray
matter (GM) volume in bilateral superior temporal gyrus compared with the normal controls. However, the left cerebellum
posterior lobe, left frontal superior orbital lobe (gyrus rectus), right middle occipital gyrus (MOG), and bilateral putamen
showed significantly decreased brain volumes. This was the first study which demonstrated the features of neuroanatomical
changes in patients with unilateral PT during their early stages of the symptom.

1. Introduction the abnormal sounds could be significantly suppressed by

compressing the internal jugular vein on the symptomatic

Tinnitus is an abnormal perception of sound in the absence
of any external stimulus. Up to 15% of people in the world
suffer from tinnitus [1, 2]. Tinnitus can be divided into
nonpulsatile tinnitus (NPT) and pulsatile tinnitus (PT).
Most patients suffer from NPT. Less than 10% of tinnitus
patients are classified as PT subtype [3, 4]. Tinnitus is a
disorder much more than just sound sensation. Patients
who suffered from persistent tinnitus often accompanied
with insomnia, anxiety, and other tinnitus-associated dis-
tress and abnormality [5]. The quality of life of tinnitus
patients is seriously affected.

Unlike NPT, the rhythm of PT is always present in
patients as water flow, wind blowing, or beat of the drum in
their ears coinciding with the patients’ heartbeats. Usually,

side (if it is venous in origin; other origins may include
dural arteriovenous shunts, paraganglioma, and involun-
tary contraction of muscles in the middle ear [6-10]).
According to previous studies, focal sigmoid plate dehis-
cence (SPD) due to focal bone defects in the region of
the sigmoid sinus is one of the very common etiologies
of PT [3, 4, 11-14], which accounts for about 43%~60%
populations in patients with PT [3, 14-16]. The abnormal
sounds from vascular blood flow could be acquired by the
inner ear through SPD. In this regard, CT arteriography
and venography (CTA/V) is the most useful imaging
method to pinpoint the etiology of PT [6, 16, 17].
During the past several years, the rapid development of
neuroimaging techniques has contributed greatly in the
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TaBLE 1: Characteristics of the participants.

PT (n=24) HC (n=24) P value
Age (years) 24~53 (34.9+7.9) 23~59 (35.3+9.0) 0.906°
Gender (male/female) 3/21 3/21 1.000°
Handedness 24 right-handed 24 right-handed 1.000°
PT duration (months) 3~37 (17.9+11.6)
THI score 18~94 (47.8 +22.8)

Data are presented as the ranges of Min-Max (means + standard deviations). PT: pulsatile tinnitus; HC: healthy controls. *“Two-sample two-tailed #-test.

PFisher’s exact test.

noninvasive imaging studies of tinnitus. Various studies
have shown that if functional changes occur, structural
changes are likely found in patients with NPT as well
[18-20]. As indicated by the previous studies, changes in
neuroanatomical, especially volumetric changes in gray
matters (GM), were important findings in NPT patient
population [18, 21-25]. PT, as a subtype of tinnitus, was
also proved to be a kind of symptom featured by neuro-
functional alterations using resting-state functional mag-
netic resonance imaging (rs-fMRI) technique according to
previous studies [26-31]. Generally, tinnitus with duration
of up to 6 months is considered to be in the acute stage.
But for rs-fMRI studies on tinnitus, previous studies
defined that duration less than 48 months is the recent onset
of disease [32, 33]. For studies on PT patients, researchers
also detected neurofunctional changes in PT patients with
disease duration less than 48 months [26-29, 31]. Thus, we
defined those subjects with duration less than 48 months as
PT patients in the early stage of the symptom. However, none
of those studies reported neuroanatomical changes of PT
patients. As a result, the neuroanatomical changes in PT
patients still remain unclear.

Various morphological research techniques, such as
voxel-based morphometry (VBM), surface-based morphom-
etry (SBM), and deformation-based morphometry (DBM),
could be used to explore neuroanatomical changes in tinnitus
patients. Among these methods, VBM is one of the neuro-
imaging analysis techniques that allow investigation of focal
differences in brain anatomy by using statistical parametric
mapping approach. It had been widely used in many neuro-
imaging studies, especially researches in NPT patients
[18, 21-24]. When we specifically analyze neuroanatomical
alteration features in PT patients in this study, VBM ana-
lytic method would also be a candidate approach to make
the results comparable with that of previous studies.

In this study, we aim to explore the brain anatomical
alterations in patients with right-sided unilateral pulsatile tin-
nitus, which is much more common in the clinic. Our study
will be an important addition to the neuroimaging research
on patients with tinnitus, especially patients with right-
sided pulsatile tinnitus.

2. Materials and Methods

2.1. Subjects. This study was approved by the medical
research ethics committees and institutional review board.

Written informed consent forms were obtained from each
subject.

Since the limited population of pulsatile tinnitus patients,
part of the patients in this study was collected from previous
studies according to the same inclusion and exclusion criteria
from Beijing Tongren Hospital; we also included patients and
normal controls with current institutions including Beijing
Friendship Hospital. In total, twenty-four patients with
right-sided pulsatile tinnitus were recruited to this study.
The patient inclusion criteria were set as follows: (1) right-
sided unilateral pulsatile tinnitus with typical clinical symp-
tom; (2) symptom duration is less than 48 months (defined
as the early stage of PT symptom according to previous stud-
ies [26-29]); and (3) the etiology could be confirmed by
CTA/V examination as SPD on the right side [6, 14, 16, 17,
34]. The exclusion criteria included (1) patients with sig-
nificant hearing loss (hearing thresholds<25dB HL at
examined frequencies ranging from 250Hz to 8kHz in
the pure-tone audiometry examination); (2) patients diag-
nosed with any other types of tinnitus, especially NPT;
(3) patients with hyperacusis; (4) patients with neurologi-
cal diseases, such as dementia and Alzheimer’s disease;
(5) patients with any kind of otologic conditions such as
Meniere’s disease and otosclerosis; and (6) patients who
contraindicate with MRI examination. Tinnitus Handicap
Inventory (THI) scores were also acquired in the patient
group to assess the severity of disease and tinnitus-related
distress [33, 35, 36]. All of the patients were recruited in the
clinic. The intensity of pulsatile tinnitus was not measured
since there was no standard in the clinic. Twenty-four age-,
gender-, and handedness-matched healthy volunteers were
also enrolled as normal controls. Exclusion criteria for nor-
mal healthy volunteers were the same as above. The charac-
teristics of the subjects are presented in Table 1.

2.2. MRI Scanning. A 3T GE Signa Excite MRI scanner
(General Electric Medical Systems, Milwaukee, WI, USA),
equipped with an eight-channel phased-array head coil, was
used to collect structural brain images. All imaging studies
were performed at the Medical Imaging Research Center of
Beijing Friendship Hospital. Parallel imaging was employed
in data acquisition. High-resolution 3D structural images
were acquired with a 3D-BRAVO pulse sequence with the
following acquisition parameters: TR (repetition time) = 8.8
milliseconds (ms), TE (echo time)=3.5ms, TI (inversion
time) =450ms, field of view (FOV)=24cmx24cm,
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FIGURE 1: Result of volumetric changes between two groups. Compared with the normal controls, bilateral superior temporal gyrus showed
significantly increased volumes among the pulsatile tinnitus patients (hot color). The left cerebellum posterior lobe, left frontal superior
orbital lobe (gyrus rectus), right MOG, and bilateral putamen showed significantly decreased volumes (cold color). The left side

corresponds to the right hemisphere. MOG = middle occipital gyrus.

matrix =256 x 256, and slice thickness=1mm without gap.
In total, 196 slices of images were obtained from each subject.

2.3. Image and Data Processing. Image data preprocessing
was performed using VBMS8 toolbox in SPMS8 software
package (Statistical Parametric Mapping, Wellcome Depart-
ment of Cognitive Neurology, London, UK) running under
MATLAB. VBMS8 toolbox provides a set of preprocessing
modules including spatial normalization, segmentation, and
other steps [37]. First, each subject’s image set was spatially
normalized to the Montreal Neurological Institute (MNI)
152 template using high-dimensional DARTEL algorithm
[38]. The spatially normalized images were then segmented
into gray matter (GM), white matter (WM), and cerebrospi-
nal fluid (CSF). Modulation was also applied in order to
avoid volumetric deformation of the GM due to stretching
and shrinking effects during the normalization procedure.
Next, the modulated GM images were smoothed with a
6 mm full width at half maximum (FWHM) isotropic Gauss-
ian kernel. Finally, the smoothed GM images were resampled
toa3 mm x 3 mm X 3 mm voxel size for the statistical analysis.

2.4. Statistical Analysis. A two-sample two-tailed ¢-test was
used to extract GM volumetric changes between two study

groups. P value less than 0.001 combined with cluster size
larger than 54 voxels was considered as statistically signifi-
cant (false discovery rate (FDR) corrected). Results were
visualized by the REST Slice viewer (rs-fMRI data analysis
toolkit; http://www.restfmri.net/) [39].

Based on the two-sample -test results, clusters of signifi-
cant differences between the two groups were identified and
turther defined as ROIs. The volume of those ROIs was mea-
sured and recorded for each patient. Pearson’s correlation
analysis was performed using SPSS 17 software (SPSS, Inc.,
Chicago, IL) between the THI score, PT duration, and the
volume of each ROL

3. Results

In the whole brain analyses, a two-sample two-tailed ¢-test
was performed to detect the differences between two groups
of study subjects. As showed in Figure 1 and Table 2, we
detected 7 clusters (regions of interest) with significant vol-
ume changes. Compared with the normal controls, bilateral
superior temporal gyrus showed significantly increased vol-
umes among the pulsatile tinnitus patients. However, the left
cerebellum posterior lobe, left frontal superior orbital lobe
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TaBLE 2: Regions showed a significant difference in volumes between PT patients and the controls (P < 0.001, FDR corrected).

Brain region

Peak MNI (mm)

Peak T value Number of voxels

X y z

L cerebellum posterior lobe -33 -78 -51 —8.1425 115
L superior orbital lobe (rectal gyrus) -12 45 =27 -8.6597 70
R middle occipital gyrus 54 -69 -12 -7.4936 59
R putamen 27 6 0 —-9.4527 262
L putamen =21 9 3 —-7.3238 146
R superior temporal gyrus 63 =27 15 7.5155 192
L superior temporal gyrus -63 -30 9 7.0531 57

R: right; L: left; MNI: Montreal Neurological Institute. Correlation between volumes of ROI and duration of the pulsatile tinnitus. THI score was also analyzed.

No significant correlation was found.

(gyrus rectus), right middle occipital gyrus (MOG), and bilat-
eral putamen showed significantly decreased volumes.

4. Discussion

There has been an increased interest in the pulsatile
tinnitus-related research [14, 26-31, 34, 40-43]. In those
neurofunctional studies, GM volumetric effects have been
taken into account when investigating the regional neural
activity changes. However, lower-dimensional computa-
tional methods in the SPM applied in spatial normalization
step might be one of the reasons to explain why there was
no significant GM volume difference reported between the
PT patients and controls. In this study, DARTEL algo-
rithm for image preprocessing in spatial normalization
step was applied in order to acquire improved normaliza-
tion results with higher resolution image sets that can be
generated for image registration in the next step [44].
Smoothing parameters applied in the previous studies
may also be one of the reasons. Smoothing can help ame-
liorate the effects of misalignment of anatomical structures
when registration is less perfect. Different smoothing param-
eters could affect the possibility of neuroanatomical abnor-
mality detections. Smoothing factor with an FWHM value
twice of the resampled voxel size was recommended [45].
Thus, high-dimensional computational methods in the SPM
with appropriate smoothing factor applied in this study are
key factors in improving the possibility of neuroanatomical
abnormality detections and ensuring the quality controls of
this research.

The auditory cortex can be divided into primary auditory
cortex (PAC), secondary auditory cortex (SAC), and auditory
association cortex (AAC). Our results indicated increased
GM volume in the bilateral auditory network (superior tem-
poral gyrus), mainly overlapped with AAC. AAC is consid-
ered to have more important roles than PAC and SAC in
the functional attribution of tinnitus [13]. As a relatively
more sensitive region, abnormalities could mainly be found
in the AAC rather than other parts of the auditory cortex in
tinnitus patients [27, 46-49]. It was also supported by the
bilaterally increased GM volume in the AAC, rather than
the PAC or SAC, in this study. Those brain regions could
be neuroanatomical features of the patients with pulsatile tin-
nitus in the early stage of PT symptom. What should be

noticed is that the perception of pulsatile tinnitus is not a
consequence of structural brain alterations. Also, the etiology
of patients enrolled in this study was confirmed as SPD by
CTA/V. Neuroanatomical changes would also not be consid-
ered as etiology of PT. Thus, we may only make primary
hypothesis that those neuroanatomical findings might occur
as a consequence of the longer lasting exposure to PT. Fur-
ther studies are still needed to investigate the feature of alter-
ations and its biological meaning of the AAC as well as the
whole auditory cortex in PT patients.

Cerebellum posterior lobe is known to participate in
auditory processing [50]. In the current study, only patients
with consistent right-sided unilateral tinnitus were enrolled,
and brain volume alterations were only found in the left cer-
ebellum posterior lobe. Previous studies on auditory pathway
demonstrated predominantly contralateral involvement to
the side of sound stimulation [51, 52]. Similar changes were
also reported in patients with unilateral NPT [37, 53-55].
The brain volume changes in the left cerebellum in
patients with right-sided PT may be caused by contralat-
eral effects of the auditory perception, which was not pre-
viously reported.

In this study, only unilateral right-sided PT patients were
recruited; however, the GM volume was found to be bilater-
ally altered (e.g., alterations in the left and right superior tem-
poral gyrus). This finding was also reported in previous
functional studies of PT patients [27, 28]. This may indicate
that the brain is working as a whole organ when processing
auditory messages. The auditory cortexes in both the left
and right hemisphere of the brain were all affected by
PT. According to previous studies, the contralateral side
of the brain mainly responses to the monoaural sensory
input [51, 52, 56]. For tinnitus patients, the strong lateral-
ization of cortical response was proved to be significantly
decreased [53, 54, 57]. Thus, in theory, changes in the left
side of the auditory cortex may be more significant than
that on the right side. However, compared with the right
side, the brain volume change on the left side has lower
peak intensity with smaller affected areas. There were also
studies indicating that the right-hemispheric is specialized
for auditory rhyme processing [58]. In consideration of
previous brain functional studies [27, 46, 49, 58], our
study may provide another evidence to support the opin-
ion that right-sided auditory cortex may also be more
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vulnerable than the left-sided one from the anatomical
aspect. Further investigations toward both the left- and
right-sided unilateral PT patients may provide direct evi-
dence to support our hypothesis.

The putamen is a part of the basal ganglia. Regional and
network functional deficits associated with putamen may
reflect an imbalance in neuromodulation of auditory verbal
hallucinations (AVHs) [59]. A neuroanatomical study on
chronic tinnitus did not indicate altered brain volume and
reduced functional connectivity in the putamen [60]. Brain
volume changes in the bilateral putamen may be a specific
finding for PT patients, and its clinical relevance still needs
to be investigated.

Visual brain areas were reported to be involved in audi-
tory spatial information processing [61-63]. It could be
divided into dorsal and ventral visual areas. Compared with
the ventral visual areas, the dorsal visual areas may experi-
ence greater neural plasticity in patients in the early stage of
PT symptom [64, 65]. The MOG is part of the dorsal visual
areas. Previous neurofunctional studies reported the
involvement of MOG in patients with PT [27, 29], indicat-
ing reorganized functional activity after the perception of
PT. In this study, neuroanatomical changes of MOG were
also reported in the PT group compared with normal con-
trols. It may due to the connections between the auditory
network and visual network [66-69]. However, the correla-
tion between the brain volume of MOG and THI score
was not statistically significant, indicating that the brain
volume of dorsal visual areas, especially MOG, would not
be significantly affected in the early stage of pulsatile tinni-
tus symptom.

Combined with previous findings, we also found that
anatomical and functional changes may not correlate to
each other in patients with pulsatile tinnitus. In a previous
rs-fMRI study [26], decreased amplitude of low-frequency
fluctuation (ALFF) value was found in the bilateral cerebel-
lum posterior lobe, representing decreased regional neural
activity in bilateral brain areas. However, decreased brain
volume was only found in the left cerebellum posterior
lobe in this study. This suggested that anatomical and
functional changes of the brain may not be consistent in
PT patients. Previous studies showed no abnormal regional
neural activity in the auditory cortex [28, 30], but there are
alterations of functional connectivity between the right
AAC and the default mode network in patients with
right-sided unilateral PT [27]. Our neuroanatomical studies
presented in this work indicated GM volumetric changes
detected in the bilateral AAC for the same type of patients.
These results also indicated possible noncorrelated changes
between regional neural activity, functional connectivity,
and GM volumes.

There are some limitations in this study. Firstly, only
right-sided PT patients in the early stage of PT symptom
were enrolled in this study. Studies including patients with
left- and right-sided pulsatile tinnitus are still required in
order to have a better understanding of the symptom. Sec-
ondly, only 24 PT patients were included in this study. A
study with larger sample size will be conducted in our future
neuroanatomical studies of PT patients.

5. Conclusions

This was the first study specifically which explored the
brain anatomical alterations and demonstrated the features
of neuroanatomical changes in patients with unilateral PT
during their early stages of the symptom. From this study,
a more reliable framework specifically for the study of ana-
tomical abnormalities in the patients with unilateral PT
has been generated, which would provide new insights
for the brain changes to the patients with PT from a neu-
roanatomical perspective.

Conflicts of Interest

The authors declare that there are no conflicts of interests
regarding the publication of this paper.

Authors’ Contributions

Yawen Liu and Han Lv contributed equally to this work.

Acknowledgments

This work was supported by Grant nos. 81371546 and
61527807 from the National Natural Science Foundation of
China, Grant no. SML20150101 from the Beijing Municipal
Administration of Hospitals’ Mission Plan, no. [2015] 160
from Beijing Scholars Program, Grant nos. 7172064 and
7182044 from Beijing Natural Science Foundation and Bei-
jing Municipal Administration of Hospitals’ Cultivation plan
(Han Lv), and seed Project no. YYZZ2017B01 (Han Lv) from
Beijing Friendship Hospital and Capital Medical University.
A distinguished visiting professorship from the Provincial
Government of Zhejiang, China, is greatly appreciated.

References

[1] D. Baguley, D. McFerran, and D. Hall, “Tinnitus,” The Lancet,
vol. 382, no. 9904, pp. 1600-1607, 2013.

[2] A.H. Lockwood, R.J. Salvi, and R. F. Burkard, “Tinnitus,” The
New England Journal of Medicine, vol. 347, no. 12, pp. 904-
910, 2002.

[3] G.Madaniand S. E. J. Connor, “Imaging in pulsatile tinnitus,”
Clinical Radiology, vol. 64, no. 3, pp. 319-328, 2009.

[4] P. Mundada, A. Singh, and R. K. Lingam, “CT arteriography
and venography in the evaluation of pulsatile tinnitus with
normal otoscopic examination,” The Laryngoscope, vol. 125,
no. 4, pp. 979-984, 2015.

[5] P.Simonetti and J. QOiticica, “Tinnitus neural mechanisms and
structural changes in the brain: the contribution of neuroimag-
ing research,” International Archives of Otorhinolaryngology,
vol. 19, no. 03, pp- 259-265, 2015.

[6] A. Krishnan, D. E. Mattox, A. J. Fountain, and P. A. Hudgins,
“CT arteriography and venography in pulsatile tinnitus: pre-
liminary results,” American Journal of Neuroradiology,
vol. 27, no. 8, pp. 1635-8, 2006.

[7] J. L. Weissman and B. E. Hirsch, “Imaging of tinnitus: a
review,” Radiology, vol. 216, no. 2, pp. 342-349, 2000.

[8] D. Waldvogel, H. P. Mattle, M. Sturzenegger, and G. Schroth,
“Pulsatile tinnitus —a review of 84 patients,” Journal of Neurol-
0gy, vol. 245, no. 3, pp. 137-142, 1998.



(9]

(10]

(17]

(18]

(19]

[24]

(25]

Y. Chan, “Tinnitus: etiology, classification, characteristics, and
treatment,” Discovery Medicine, vol. 8, no. 42, pp. 133-136,
2009.

K. J. Abdul-Bagi, “Objective high-frequency tinnitus of
middle-ear myoclonus,” The Journal of Laryngology ¢ Otology,
vol. 118, no. 3, pp. 231-3, 2004.

S. Schoeft, B. Nicholas, S. Mukherjee, and B. W. Kesser, “Imag-
ing prevalence of sigmoid sinus dehiscence among patients
with and without pulsatile tinnitus,” Otolaryngology-Head
and Neck Surgery, vol. 150, no. 5, pp. 841-846, 2014.

G. Sonmez, C. C. Basekim, E. Ozturk, A. Gungor, and
E. Kizilkaya, “Imaging of pulsatile tinnitus: a review of 74
patients,” Clinical Imaging, vol. 31, no. 2, pp. 102-108, 2007.
J. Xue, T. Li, X. Sun, and Y. Liu, “Focal defect of mastoid bone
shell in the region of the transverse-sigmoid junction: a new
cause of pulsatile tinnitus,” The Journal of Laryngology ¢ Otol-
0gy, vol. 126, no. 04, pp. 409-413, 2012.

P. Zhao, H. Lv, C. Dong, Y. Niu, J. Xian, and Z. Wang, “CT
evaluation of sigmoid plate dehiscence causing pulsatile tinni-
tus,” European Radiology, vol. 26, no. 1, pp. 9-14, 2016.

D. E. Mattox and P. Hudgins, “Algorithm for evaluation of pul-
satile tinnitus,” Acta Oto-Laryngologica, vol. 128, no. 4,
pp. 427-431, 2008.

J. Narvid, H. M. Do, N. H. Blevins, and N. J. Fischbein, “CT
angiography as a screening tool for dural arteriovenous fistula
in patients with pulsatile tinnitus: feasibility and test character-
istics,” American Journal of Neuroradiology, vol. 32, no. 3,
pp. 446-453, 2011.

S. Bash, J. P. Villablanca, R. Jahan et al., “Intracranial vascular
stenosis and occlusive disease: evaluation with CT angiogra-
phy, MR angiography, and digital subtraction angiography,”
American Journal of Neuroradiology, vol. 26, no. 5, pp. 1012—
1021, 2005.

K. Boyen, D. R. M. Langers, E. de Kleine, and P. van Dijk,
“Gray matter in the brain: differences associated with tinnitus
and hearing loss,” Hearing Research, vol. 295, pp. 67-78, 2013.

A. M. Leaver, L. Renier, M. A. Chevillet, S. Morgan, H. J. Kim,
and J. P. Rauschecker, “Dysregulation of limbic and auditory
networks in tinnitus,” Neuron, vol. 69, no. 1, pp. 33-43, 2011.
P. Adjamian, D. A. Hall, A. R. Palmer, T. W. Allan, and D. R.
M. Langers, “Neuroanatomical abnormalities in chronic tinni-
tus in the human brain,” Neuroscience & Biobehavioral
Reviews, vol. 45, pp. 119-133, 2014.

F. T. Husain, R. E. Medina, C. W. Davis et al., “Neuroanatom-
ical changes due to hearing loss and chronic tinnitus: a com-
bined VBM and DTI study,” Brain Research, vol. 1369,
pp. 74-88, 2011.

C. M. Krick, M. Grapp, J. Daneshvar-Talebi, W. Reith, P. K.
Plinkert, and H. V. Bolay, “Cortical reorganization in recent-
onset tinnitus patients by the Heidelberg model of music ther-
apy,” Frontiers in Neuroscience, vol. 9, p. 49, 2015.

M. Meyer, P. Neff, F. Liem et al., “Differential tinnitus-related
neuroplastic alterations of cortical thickness and surface area,”
Hearing Research, vol. 342, pp. 1-12, 2016.

S. Vanneste, P. Van De Heyning, and D. De Ridder, “Tinnitus:
a large VBM-EEG correlational study,” PLoS One, vol. 10,
no. 3, article e0115122, 2015.

M. Schecklmann, A. Lehner, T. B. Poeppl et al., “Auditory cor-
tex is implicated in tinnitus distress: a voxel-based morphom-
etry study,” Brain Structure and Function, vol. 218, no. 4,
pp. 1061-1070, 2013.

[26]

(27]

(28]

(37]

(38]

(39]

[40]

[41]

Neural Plasticity

H. Lv, P. Zhao, Z. Liu et al, “Frequency-dependent neural
activity in patients with unilateral vascular pulsatile tinnitus,”
Neural Plasticity, vol. 2016, Article ID 4918186, 9 pages, 2016.

H. Lv, P. Zhao, Z. Liu et al., “Abnormal resting-state functional
connectivity study in unilateral pulsatile tinnitus patients with
single etiology: a seed-based functional connectivity study,”
European Journal of Radiology, vol. 85, no. 11, pp. 2023-
2029, 2016.

L. Han, L. Zhaohui, Y. Fei et al., “Disrupted neural activity in
unilateral vascular pulsatile tinnitus patients in the early stage
of disease: evidence from resting-state fMRIL” Progress in
Neuro-Psychopharmacology and Biological Psychiatry, vol. 59,
pp. 91-99, 2015.

L. Han, Z. Pengfei, L. Zhaohui et al., “Resting-state functional
connectivity density mapping of etiology confirmed unilateral
pulsatile tinnitus patients: altered functional hubs in the early
stage of disease,” Neuroscience, vol. 310, pp. 27-37, 2015.

L. Han, L. Zhaohui, Y. Fei et al., “Abnormal baseline brain
activity in patients with pulsatile tinnitus: a resting-state FMRI
study,” Neural Plasticity, vol. 2014, Article ID 549162, 10
pages, 2014.

H. Lv, P. Zhao, Z. Liu et al., “Lateralization effects on functional
connectivity of the auditory network in patients with unilateral
pulsatile tinnitus as detected by functional MRI,” Progress in
Neuro-Psychopharmacology and Biological Psychiatry, vol. 81,
pp. 228-235, 2018.

W. Schlee, T. Hartmann, B. Langguth, and N. Weisz, “Abnor-
mal resting-state cortical coupling in chronic tinnitus,” BMC
Neuroscience, vol. 10, no. 1, p- 11, 2009.

S. Vanneste, P. van de Heyning, and D. De Ridder, “The neural
network of phantom sound changes over time: a comparison
between recent-onset and chronic tinnitus patients,” European
Journal of Neuroscience, vol. 34, no. 5, pp. 718-731, 2011.

R. Zeng, G. P. Wang, Z. H. Liu et al,, “Sigmoid sinus wall
reconstruction for pulsatile tinnitus caused by sigmoid sinus
wall dehiscence: a single-center experience,” PLoS One,
vol. 11, no. 10, article 0164728, 2016.

D. J. Eisenman, “Sinus wall reconstruction for sigmoid sinus
diverticulum and dehiscence: a standardized surgical proce-
dure for a range of radiographic findings,” Otology ¢» Neurotol-
0gy, vol. 32, no. 7, pp. 1116-1119, 2011.

T. R. Oakes, A. S. Fox, T. Johnstone, M. K. Chung, N. Kalin,
and R. J. Davidson, “Integrating VBM into the general linear
model with voxelwise anatomical covariates,” Neurolmage,
vol. 34, no. 2, pp. 500-508, 2007.

J. Ashburner and K. J. Friston, “Voxel-based morphometry—
the methods,” NeuroImage, vol. 11, no. 6, pp. 805-821,
2000.

J. Ashburner, “A fast diffeomorphic image registration algo-
rithm,” NeuroImage, vol. 38, no. 1, pp. 95-113, 2007.
X. W. Song, Z. Y. Dong, X. Y. Long et al., “REST: a toolkit for
resting-state functional magnetic resonance imaging data pro-
cessing,” PLoS One, vol. 6, no. 9, article 25031, 2011.

Z. Liu, J. Li, P. Zhao et al., “Sigmoid plate dehiscence: congen-
ital or acquired condition?,” European Journal of Radiology,
vol. 84, no. 5, pp. 862-864, 2015.

C. Dong, P. F. Zhao, J. G. Yang, Z. H. Liu, and Z. C. Wang,
“Incidence of vascular anomalies and variants associated with
unilateral venous pulsatile tinnitus in 242 patients based on
dual-phase contrast-enhanced computed tomography,” Chi-
nese Medical Journal, vol. 128, no. 5, pp. 581-5, 2015.



Neural Plasticity

[42]

(43]

(45]

[46]

(50]

(51]

(52]

(53]

[54]

X. B. Ma, G. P. Wang, R. Zeng, and S. S. Gong, “Treatment of
pulsatile tinnitus associated with multiple factors,” Chinese
Medical Journal, vol. 128, no. 3, pp. 413-414, 2015.

L. Wenjuan, L. Zhaohui, Z. Ning, Z. Pengfei, D. Cheng, and
W. Zhenchang, “Temporal bone pneumatization and pulsatile
tinnitus caused by sigmoid sinus diverticulum and/or dehis-
cence,” BioMed Research International, vol. 2015, Article ID
970613, 4 pages, 2015.

R. A. Poldrack, Handbook of Functional MRI Data Analysis:
Preprocessing fMRI data, Cambridge University Press, New
York, 2011.

A. W. Toga, Brain Mapping: An Encyclopedic Reference, Else-
vier Science & Technology, Amsterdam, 2015.

Y. C. Chen, J. Zhang, X. W. Li et al., “Aberrant spontaneous
brain activity in chronic tinnitus patients revealed by resting-
state functional MRL,” NeurolImage: Clinical, vol. 6, pp. 222-
228, 2014.

C. P. Lanting, E. de Kleine, and P. van Dijk, “Neural activity
underlying tinnitus generation: results from PET and fMRI,”
Hearing Research, vol. 255, no. 1-2, pp. 1-13, 2009.

C. Plewnia, M. Reimold, A. Najib et al., “Dose-dependent
attenuation of auditory phantom perception (tinnitus) by
PET-guided repetitive transcranial magnetic stimulation,”
Human Brain Mapping, vol. 28, no. 3, pp. 238-246, 2007.

J. Zhang, Y. C. Chen, X. Feng et al., “Impairments of thalamic
resting-state functional connectivity in patients with chronic
tinnitus,” European Journal of Radiology, vol. 84, no. 7,
pp. 1277-1284, 2015.

A. Petacchi, A. R. Laird, P. T. Fox, and J. M. Bower, “Cerebel-
lum and auditory function: an ALE meta-analysis of functional
neuroimaging studies,” Human Brain Mapping, vol. 25, no. 1,
pp. 118-128, 2005.

D. R. M. Langers, P. van Dijk, and W. H. Backes, “Lateraliza-
tion, connectivity and plasticity in the human central auditory
system,” NeuroImage, vol. 28, no. 2, pp. 490-499, 2005.

W. Marinovic, V. Flannery, and S. Riek, “The effects of prepa-
ration and acoustic stimulation on contralateral and ipsilateral
corticospinal excitability,” Human Movement Science, vol. 42,
pp. 81-88, 2015.

C. P. Lanting, E. de Kleine, D. R. M. Langers, and P. van Dijk,
“Unilateral tinnitus: changes in connectivity and response
lateralization measured with fMRI,” PLoS Omne, vol. 9,
no. 10, article e110704, 2014.

J. R. Melcher, R. A. Levine, C. Bergevin, and B. Norris, “The
auditory midbrain of people with tinnitus: abnormal sound-
evoked activity revisited,” Hearing Research, vol. 257, no. 1-2,
pp. 63-74, 2000.

Y. C. Chen, X. Li, L. Liu et al., “Tinnitus and hyperacusis
involve hyperactivity and enhanced connectivity in auditory-
limbic-arousal-cerebellar network,” eLife, vol. 4, article
€06576, 2015.

D. R. M. Langers, W. H. Backes, and P. van Dijk, “Representa-
tion of lateralization and tonotopy in primary versus second-
ary human auditory cortex,” Neurolmage, vol. 34, no. 1,
pp- 264-273, 2007.

C. P. Lanting, E. De Kleine, H. Bartels, and P. Van Dijk, “Func-
tional imaging of unilateral tinnitus using fMRL” Acta Oto-
Laryngologica, vol. 128, no. 4, pp. 415-421, 2008.

M. A. Hurschler, F. Liem, M. Oechslin, P. Stampfli, and
M. Meyer, “tMRI reveals lateralized pattern of brain activity

(62

[63

(64

(69

]

modulated by the metrics of stimuli during auditory rhyme
processing,” Brain and Language, vol. 147, pp. 41-50, 2015.

L. B. Cui, K. Liu, C. Li et al., “Putamen-related regional and
network functional deficits in first-episode schizophrenia with
auditory verbal hallucinations,” Schizophrenia Research,
vol. 173, no. 1-2, pp- 13-22, 2016.

A. M. Leaver, T. K. Turesky, A. Seydell-Greenwald, S. Morgan,
H.J. Kim, and J. P. Rauschecker, “Intrinsic network activity in
tinnitus investigated using functional MRI,” Human Brain
Mapping, vol. 37, no. 8, pp. 2717-2735, 2016.

E. Ricciardi, N. Vanello, L. Sani et al., “The effect of visual expe-
rience on the development of functional architecture in
hMT+,” Cerebral Cortex, vol. 17, no. 12, pp. 2933-2939, 2007.

M. Bedny, T. Konkle, K. Pelphrey, R. Saxe, and A. Pascual-
Leone, “Sensitive period for a multimodal response in human
visual motion area MT/MST,” Current Biology, vol. 20,
no. 21, pp. 1900-1906, 2010.

K. Fiehler and F. Rosler, “Plasticity of multisensory dorsal
stream functions: evidence from congenitally blind and sighted
adults,” Restorative Neurology and Neuroscience, vol. 28, no. 2,
pp. 193-205, 2010.

W. Qin and C. Yu, “Neural pathways conveying novisual infor-
mation to the visual cortex,” Neural Plasticity, vol. 2013,
Article ID 864920, 14 pages, 2013.

D. Wang, W. Qin, Y. Liu, Y. Zhang, T. Jiang, and C. Yu,
“Altered white matter integrity in the congenital and late blind
people,” Neural Plasticity, vol. 2013, Article ID 128236, 8
pages, 2013.

A. Falchier, S. Clavagnier, P. Barone, and H. Kennedy, “Ana-
tomical evidence of multimodal integration in primate striate
cortex,” The Journal of Neuroscience, vol. 22, no. 13,
pp. 5749-5759, 2002.

F. Gougoux, R. J. Zatorre, M. Lassonde, P. Voss, and F. Lepore,
“A functional neuroimaging study of sound localization: visual
cortex activity predicts performance in early-blind individ-
uals,” PLoS Biology, vol. 3, no. 2, article €27, 2005.

J. S. Shimony, H. Burton, A. A. Epstein, D. G. McLaren, S. W.
Sun, and A. Z. Snyder, “Diffusion tensor imaging reveals white
matter reorganization in early blind humans,” Cerebral Cortex,
vol. 16, no. 11, pp. 1653-1661, 2006.

H. Burton, A. Wineland, M. Bhattacharya, J. Nicklaus, K. S.
Garcia, and J. F. Piccirillo, “Altered networks in bothersome

tinnitus: a functional connectivity study,” BMC Neuroscience,
vol. 13, no. 1, p. 3, 2012.



	Neuroanatomical Alterations in Patients with Early Stage of Unilateral Pulsatile Tinnitus: A Voxel-Based Morphometry Study
	1. Introduction
	2. Materials and Methods
	2.1. Subjects
	2.2. MRI Scanning
	2.3. Image and Data Processing
	2.4. Statistical Analysis

	3. Results
	4. Discussion
	5. Conclusions
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

