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Effect of Acupuncture Treatment on Cortical
Activation in Patients With Tinnitus: A Functional
Near-Infrared Spectroscopy Study

Xianghua Yu

Abstract—Tinnitus is an auditory phantom percept that
affects the perception of sound in the patient’s ears, and
the incidence of prolonged tinnitus is as high as ten to
fifteen percent. Acupuncture is a unique treatment method
in Chinese medicine, and it has great advantagesin the treat-
ment of tinnitus. However, tinnitus is a subjective symptom
of patients, and there is currently no objective detection
method to reflect the improvement effect of acupuncture
on tinnitus. We used functional near-infrared spectroscopy
(fNIRS) to explore the effect of acupuncture on the cerebral
cortex of tinnitus patients. We collected the scores of the
tinnitus disorder inventory (THI), tinnitus evaluation ques-
tionnaire (TEQ), hamilton anxiety scale (HAMA), and hamil-
ton depression scale (HAMD) of eighteen subjects before
and after acupuncture treatment, and the fNIRS signals of
these subjects in sound-evoked activity before and after
acupuncture treatment. According to the fNIRS detection
results of tinnitus patients, acupuncture increased the con-
centration of oxygenated hemoglobin in the temporal lobe of
tinnitus patients, and affected the activation of the auditory
cortex. The study may reflect the neural mechanisms of
acupuncture treatment for tinnitus and ultimately help to
provide an objective evaluation method for the therapeutic
effect of acupuncture treatment for tinnitus.

Index Terms—Functional near-infrared spectroscopy,
tinnitus, acupuncture, hemodynamic response, auditory
stimulation.

I. INTRODUCTION

INNITUS is an auditory phantom percept with a tone,
hissing, or buzzing sound in the absence of any objective
physical sound source [1]. It usually manifests as an abnormal
sound perception in the ear or head of the patient, but it is
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difficult for the outside world to perceive the existence of
the sound source [2], [3]. Ten to fifteen percent of people
have prolonged tinnitus that requires medical evaluation [4].
Long-term tinnitus can affect people’s work, hearing, mood
and sleep, and severe tinnitus can cause psychological stress
and even disability in patients [5].

Tinnitus is an extremely common clinical symptom due
to its complex etiology and its unclear pathogenesis [6].
Therefore, the treatment of tinnitus has always been one of
the most cutting-edge research topics in ontology. There is
evidence that tinnitus is associated with functional alterations
in the central nervous system [7]. Several animal studies
have been used to explain the underlying central nervous
system mechanisms of tinnitus. Changes in the auditory cortex
have been detected in animal models of tinnitus, and putative
neural correlates of tinnitus, such as increased neural firing
rates and enhanced neural synchrony, have been found [2].
In humans, increased activity in the auditory cortex is thought
to be associated with tinnitus neurons [6], [8]. Several studies
have shown that tinnitus is associated with an imbalance of
excitation and inhibition of neural activity, which is enhanced
by spontaneous activity along the auditory pathway [9], [10].

Acupuncture is a unique treatment method of traditional
Chinese medicine. It is a practice of treatment based on
influencing acupuncture points or acupoints on the body by
inserting needles [11]. Acupuncture has great advantages in
the treatment of tinnitus due to its characteristics of simple
operation, quick effect, low cost, and easy popularization [12].
Clinical studies have found that acupuncture can increase
blood and lymphatic circulation in the cochlea, improve the
metabolic level of surrounding tissues and cells, increase
the excitability of the auditory center of the cerebral cor-
tex, enhance the hearing sensitivity of the affected ear, and
improve the corresponding cerebral cortex’s perception of
sound and analytical power [13]. Clinical practice has shown
that acupuncture therapy has a good effect on the treatment of
tinnitus [14]. In recent years, the efficacy of acupuncture in
the treatment of tinnitus has been recognized by an increasing
number of scholars, but its effect is still unclear [15]. Although
there have been studies on animal models of tinnitus, tinnitus
is a subjective symptom of patients, and there is currently no
objective detection method to reflect the improvement effect
of acupuncture on tinnitus [16].

For more information, see https://creativecommons.org/licenses/by/4.0/
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With the rapid development of modern medical technology,
different functional imaging techniques have been used in
brain regions associated with tinnitus [17]. Commonly used
methods include electroencephalogram (EEG), magnetoen-
cephalography (MEG), positron emission computed tomog-
raphy (PET), and functional magnetic resonance imaging
(fMRI). Each of these imaging modalities has limitations, but
findings using the above imaging modalities have confirmed
that tinnitus brain changes may reflect correlations with tinni-
tus neural factors described in animal models [18]. An updated
optical imaging technique is needed to further investigate some
hypotheses related to the human tinnitus brain.

In recent years, functional near-infrared spectroscopy
(fNIRS) has become a hot spot in tinnitus research and
acupuncture research. fNIRS is a novel noninvasive functional
brain imaging method that can detect brain activity by measur-
ing signals related to blood oxygen levels [19]. Both functional
magnetic resonance imaging (fMRI) and functional near-
infrared spectroscopy (fNIRS) work on the principle of mea-
suring changes in cerebral blood flow in response to neuronal
activation through time-dependent fluctuations in hemoglobin
species in the brain [20]. FMRI studies have shown that
acupuncture can affect the cerebral hemodynamic response and
induce hemodynamic changes in the brain network [21], [22],
acupuncture as an alternative therapy method may reduce
the severity of tinnitus by decreasing the time variability of
dynamic functional connectivity in patients with chronic tinni-
tus [23]. However, the accuracy of fMRI time resolution is not
high enough, the cost of instruments is high, the instruments
are huge, and they are too sensitive to the movement of the
subjects’ bodies during the experiment. Compared to fMRI,
fNIRS has the advantages of no noise, good portability, low
cost, and good temporal resolution and it is more suitable
for hearing-related research [24]. The effect of tinnitus on the
brain is related to abnormal neural activity. fNIRS is a imaging
technology that has the least impact on tinnitus perception and
it is very suitable for tinnitus research [25]. As a portable
neuroimaging system, fNIRS can be used by patients who are
unable to tolerate an magnetic resonance environment [20].
The effect of acupuncture treatment can be identified according
to the hemodynamic response measured by fNIRS [26], [27].
Therefore, the use of functional near-infrared spectroscopy to
detect the effect of acupuncture on tinnitus is feasible.

The purpose of this study was to investigate the effect of
acupuncture treatment on cortical activation in patients with
tinnitus and to explore the ability to use fNIRS as a potential
indicator to assess the efficacy of acupuncture treatment for
tinnitus. To this end, in an experimental design, we compared
the activation of cerebral cortex under sound-evoked activity in
patients with tinnitus before and after acupuncture treatment,
and discussed the effects of acupuncture on symptoms and
hemodynamic activity of tinnitus patients.

Il. MATERIAL AND METHODS
A. Participants

All participants were from the outpatient department of
traditional Chinese medicine and the outpatient department

TABLE |
BASIC INFORMATION ABOUT SUBJECTS WITH TINNITUS

Duratio Duratio

ftubje Gender ’;’EZ;S n, Subject Gender ?/5':115 n,
months months
1 M 56 24 10 F 42 10
2 M 55 21 11 M 67 36
3 F 46 11 12 M 41 15
4 M 42 30 13 M 58 35
5 M 53 19 14 F 46 18
6 M 39 9 15 M 38 20
7 F 57 23 16 F 45 7
8 F 27 12 17 F 57 18
9 F 59 32 18 M 61 28

of otolaryngology of Shanghai Songjiang District Central
Hospital. Eighteen participants (8 females and 10 males,
age 27-67 years, average age 49.38 years, average dura-
tion 20.44 months) with bilateral subjective tinnitus partic-
ipated in the study (Table I). All participants were tested
using an audiogram, within the measured frequency range
(including 8000 Hz), the average pure-tone threshold was
lower than 30 dB HL. The Shanghai Songjiang District
Central Hospital approved the study, which was conducted
in accordance with the Declaration of Helsinki. The basic
measurement principle of fNIRS was explained to each partici-
pant before the experiment, and written informed consent was
obtained from each participant. Treatment costs were reim-
bursed for each participant. The exclusion criteria included
the following: 1) patients with objective tinnitus; 2) patients
with external ear disease or acute inflammatory disease of
the middle ear; 3) pregnant or lactating women and women
planning to become pregnant; 4) patients with tumors in the
brain or other parts; 5) patients with severe cardiovascular and
cerebrovascular diseases, malignant liver and kidney diseases
and other serious diseases; and 6) patients with uncontrolled
acute infection.

B. Procedure

Participants received a 20-minute acupuncture session every
other day for a total of ten times. A millimeter needle
with a diameter of 0.25 mm and a length of 2.5 mm was
selected to acupuncture the basic acupoints of tinnitus. The
acupoints were located according to the national standard of
the People’s Republic of China GB-12346-90 meridian and
acupoints standard, and the selected acupoints were Ermen
(bilateral), Tinggong (bilateral), Tinghui (bilateral) and Yifeng
(bilateral). fNIRS measurements were performed before the
first acupuncture session, and after the tenth acupuncture
session.

Before the treatment and after the treatment, all partic-
ipants completed the Tinnitus Handicap Inventory (THI),
Tinnitus Evaluation Questionnaire (TEQ), Hamilton Anxiety
Scale (HAMA), and Hamilton Depression Scale (HAMD).
The THI quantifies the severity of tinnitus by assessing the
emotional burden and the level of daily disruption caused
by the condition [28]. The Chinese version of the THI was
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Fig. 1. (a) The functional near-infrared spectroscopy device; (b) Optic
cable and probe cable; (c) Experiment photo.

used in this study, which included a total of 25 items [29].
Scores were calculated based on participants’ responses, and
scores from O to 100 were used to quantify the severity of
tinnitus. THI divides the degree of tinnitus into 4 grades: slight
(0-16 points), light (18-36 points), moderate (38-56 points),
and severe and extremely severe (58-100 points). TEQ is a
tinnitus assessment tool developed by Chinese clinicians in
their long-term tinnitus diagnosis and treatment practice [30].
The TEQ evaluates the severity of tinnitus according to
the total score from six aspects, including the environment
in which tinnitus occurs and the duration of tinnitus [31].
TEQ divides the degree of tinnitus into 5 grades: grade I
(1-6 points), grade II (7-10 points), grade III (11-14 points),
grade IV (15-18 points), and grade V (19-21 points). The
HAMA is the most widely used scale for assessing anxiety
symptoms in clinical and scientific psychiatry [32]. In this
study, the Chinese version of the HAMA was used to classify
the degree of anxiety into 5 grades: very severe anxiety (total
score > 29), severe anxiety (> 21 points), moderate anxiety
(> 14 points), mild anxiety (> 7 points), and no anxiety
symptoms (< 7 points). Higher scores represent more severe
anxiety symptoms. HAMD is the most commonly used scale
for the clinical assessment of depression [33]. The scale has
three versions, including 17 items, 21 items, and 24 items,
which can evaluate the severity of the disease and the treat-
ment effect. Seventeen items of the Chinese HAMD were
used in this study [34]. The HAMD divided the degree of
depression into 4 grades: normal (< 7 points), mild depression
(7-17 points), moderate depression (17-24 points), and severe
depression (> 24 points).

1) fNIRS imaging:A portable near-infrared brain
imaging system (NirSmartII-3000C, Huichuang Medical
Co., Ltd, China) operating at two different wavelengths
(730 and 850 nm) with a sampling frequency of 10 Hz was
used to measure relative changes in absorbed near-infrared
light (Fig. 1). The same number of optodes were placed in

® Detectors
) Sources

#  Channels

Fig. 2. Configuration of channels (numbers) with identified detectors
(pink circles) and sources (blue circles) over the left and right cor-
tical hemispheres. There are 4 detectors and 4 sources resulting in
10 channels per hemisphere. T3 and T4 are the reference points of the
International 10-20 System.

TABLE Il
AREAS AND PERCENTAGES CORRESPONDING TO
THE LEFT AND RIGHT HEMISPHERE CHANNELS

Left Hemisphere Right Hemisphere
Cerebral ~ Channel ~ Brodmann Percent Channel ~ Brodmann Percent
Cortex Number Areas Number Areas
TL 1 22 0.566 17 22 0.638
TL 3 21 0.498 19 21 0.509
TL 4 37 0.993 20 37 0.857
TL 5 22 0.424 18 22 0.842
TL 6 22 0.498 13 22 0.399
FL 2 6 0.495 16 6 0.669
OL 9 19 0.532 15 37 0413
PL 7 43 0.567 11 43 0.527
PL 8 40 0.425 12 1,2 0.526
PL 10 39 0.582 14 39 0.505

* TL (Temporal Lobe) ; FL (Frontal Lobe) ; OL (Occipital Lobe) ; PL (Parietal
Lobe).

each hemisphere. Eight detectors and 8 sources form the
source-detector pairs, which are fixed on the measurement cup
(based on the International 10-20 System) and cover both sides
of the brain (Fig. 2). The 10-20 system electrode placement
method is the standard electrode placement method stipulated
by the International Federation of Clinical Neurophysiology.
In this system, the position of the electrodes is mainly based
on the skull and does not vary due to differences in individual
head circumference or head shape. The distance formed
between each pair of sources and detectors is called the light
spacing and it is kept at a distance of approximately 30 mm
to ensure the best balance between the signal-to-noise ratio
and detection sensitivity [35]. The area between each source
and detector is defined as a channel, so a set of optodes has
a total of 20 channels, covering an area of 4 x 10 cm? on
each side of the measuring cap. After each participant wore
the measuring cap, the positions of T3 (the left temporal)
and T4 (the right temporal) were carefully adjusted such that
the optode position remained roughly the same. The table
below shows the corresponding Brodmann areas of each
channel and the percentage of the Brodmann area in the
channel (Table II). Each channel may cover multiple brain



732 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 31, 2023

18s 18s 18s 18s

— > —r >

Repeat 6 times in total
Sound Silence cped "{11-1.6.8 1 tota Sound Silence
0s ) ) 2168
Fig. 3. Schematic diagram of the auditory stimulus paradigm. Par-

ticipants passively listened to sequentially presented 18-second sound
blocks (8000 Hz tone) and 18-second silence blocks before and after the
sound blocks. Each block was repeated 6 times. The total time of the
experiment was approximately 8.6 minutes.

areas. When the channel covered more than one area, only
the Brodmann area with the greatest coincidence with the
channel was listed.

2) Auditory stimulus: A block-averaged design was used
to detect changes in oxygenated hemoglobin (HbO2) con-
centration elicited by sound-evoked activity. Similar to the
previous study, we chose the tone of 8000 Hz as the sound
stimulus [36]. The auditory stimuli 8000 Hz tone was created
using Audacity (GNU General Public License) and presented
via NirSmart (fNIRS data collection software). The sound
was played on a headset (Edifier, W800BT) at a 50 dB
sound pressure level (SPL; Creative Inspire T12). The auditory
stimulation paradigm consists of 6 rounds of sequentially
selected 18-second blocks of 8000 Hz, and 18-second blocks
of silence from the interval between every two blocks of sound.
The auditory stimulus paradigm performed by each participant
consisted of 12 blocks: 6 blocks of auditory stimulation and
6 blocks of silence (Fig. 3). The entire auditory stimulation
session was performed in a quiet room. Before the collection
began, participants were asked to sit still for 5 minutes to calm
their blood oxygen level. The total time of the experiment
is approximately 8.6 minutes. When the collection began,
participants were asked to close their eyes tightly, keep their
heads as still as possible, and keep their bodies in a relaxed
sitting position and awake.

C. fNIRS Data Analyses

1) Data processing: All data was processed using
MATLAB-based NirSpark 1.7.5 (Danyang, China) soft-
ware. Compared with the deoxygenated hemoglobin (HHb)
signal, the signal-to-noise ratio of the HbO2 signal is
higher [36], [37], and the correlation between the HbO2 model
and the hemodynamic response function model is also higher.
Therefore, this study only analyzed the HbO2 signal. The
light intensity (Int) signal curve is shown in Fig. 4 (a), and
the unit of light intensity is mV. Time periods with severe
artifacts in the signal were deleted to avoid the interference
of invalid data in subsequent calculations. The optical density
curve is obtained by correcting artifacts by the cubic spline
difference method (Fig. 4 (b)). High-pass filtering of 0.01 Hz
was performed on the data to remove the low-frequency
drift generated by the instrument, and low-pass filtering was
performed on the data at 0.5 Hz to filter out the physiological
noise introduced by heartbeat or respiration (Fig. 4 (c)). The
light intensity signal was converted into an image of the
concentration change of HbO2 according to the modified Beer-
Lambert law [38]. For each wavelength, the differential path
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Fig. 4. (a) Eliminate time period; (b) Remove motion artifacts; (c) Filter;
(d) Converted to HbO2 concentration.

factor (DPF) was set to 6, and the unit of HbO2 concentration
after conversion was mmol/L x mm (Fig. 4 (d)). Based on the
labeled signal of each sound stimulus, the average response of
each block was obtained by 6 repeated calculations (Fig. 5).
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0.06F TABLE Il
— SCALE SCORES OF PARTICIPANTS BEFORE
E AND AFTER ACUPUNCTURE TREATMENT
z THI TEQ HAMA HAMD
; Subject  Pre Post Pre Post Pre Post Pre Post
3 1 38 20 8 5 20 18 29 19
= 2 20 4 7 3 29 22 34 16
g 3 2 2 8 7 10 7 12 4
= 4 76 56 15 8 37 20 33 28
g 5 20 22 7 7 4 2 9 7
T 6 98 56 20 16 14 17 23 15
7 80 72 14 11 18 18 15 12
8 32 16 8 4 1 0 0 0
9 62 8 22 6 12 0 20 1
10 68 40 12 8 4 3 3 1
Fig. 5. HbO2 concentration curve after block average. 1 210 8 3 8 6 > 0
12 16 14 8 7 16 12 10 7
13 14 2 6 1 0 2 3 0
14 44 24 14 7 24 16 8 6
The hemodynamic response after auditory stimulation takes 15 26 248 7 4 ! 1 8
. . 16 52 32 11 6 14 7 18 12
approximately 4-6 s to reach the maximum level [39], so the 17 20 32 9 4 20 3 14 3
onset of block averaging was set to 5 s after the stimulus 18 36 20 10 8 16 8 7 4

marker appeared. The 5 s after the sound stimulus appeared
was set as the pre-baseline, and the mean of this interval
was corrected to zero during data analysis. The average of
the first three seconds was subtracted from the average of
the overall time of each block to obtain the normalization
of the hemodynamic activity of the sound block or silence
block. The purpose of this operation is to reduce the influence
of the previous block on the hemodynamic activity of this
block [40].

The degree of correlation between HbO2 changes and
the experimentally designed time-series model was calculated
using a generalized linear model (GLM) [41]. GLM can
quantify the amplitude of the hemodynamic response and
the significance of cortical activation, and we performed a
statistical analysis of the HbO2 data based on GLM.

Y=BataxX +e (1)

Y is the measured value of the real blood oxygen response
curve, X is the design matrix, Beta is the weight and e is
the residual. Alternating silence blocks and sound blocks
in sound-evoked activity form a design matrix X, which is
convoluted with the standard hemodynamic response function
(HRF) to obtain the change of blood oxygen response under
ideal conditions. This process included fitting a first-order
autoregressive process to the model residuals and transforming
the original model according to the estimated autoregressive
parameter [42]. Then, the beta weights were re-estimated
based on the transformed model, and the beta weight reflected
the magnitude of the hemodynamic response.

2) Statistical analyses: We use Nirspark (based on
MATLAB) and SPSS for data processing and statistical analy-
sis. The t-test has been widely used in other fNIRS studies
to detect activation or compare conditions against the con-
trol. A one-sample t-test can be used to test the difference
of means in fNIRS experiments [43]. False discovery rate
(FDR) can reduce the errors in performing statistical tests in
multiple comparison problems [41]. FDR has been applied to
channel-wise analysis of fNIRS data, for making inferences
about the activated region. As the FDR approach does not

require a spatial smoothing process in the calculation of the
p-value, it might be an optimal method for channel-wise
statistics of fNIRS [44].

A paired sample t-test was used to analyze the changes
in HbO2 concentration in the auditory cortex caused by
acupuncture treatment. We analyzed the correlation between
the change in scale score and the change in HbO2 concentra-
tion in the auditory cortex, and selected the Pearson correlation
coefficient (r) as the measure of correlation. The value of
r is between —1 and 1, the larger the absolute value of r,
the stronger the correlation between variables. After statistical
analysis of the data using GLM, the activation of each channel
before and after treatment was evaluated for the duration of
sound stimulation using a single sample t-test in group-level
analysis. A one-sample t-test was used to analyze the response
of each channel to sound stimuli, reflecting the influence of
acupuncture treatment on channel activation. We compared
beta weights to 0 and used FDR to correct the p-value,
an FDR corrected p-value, p< 0.05, was used as a threshold
for significance.

I1l. RESULTS

A. Behavioral Data

All participants completed the THI, TEQ, HAMA, and
HAMD before the first treatment and after the last treat-
ment. Tables III show the scale scores of each participant
before and after acupuncture treatment. After receiving
acupuncture treatment, the number of people whose scores
of THI, TEQ, HAMA and HAMD decreased was 12,
12, 9 and 8 respectively. After acupuncture treatment, the
mean and standard deviation (SD) of THI decreased from
42.556£24.912 to 26.333+19.063. Similarly, the score
of TEQ decreased from 10.833+4.554 to 6.66743.236,
the score of HAMA decreased from 13.9444+9.914 to
9.278+7.482, and the score of HAMD decreased from
14.111£10.226 to 8.22247.643 (Fig. 6).
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Fig. 7. Comparison of HbO2 concentration in the left temporal lobe and
right temporal lobe before and after acupuncture treatment: (a) During
the sound period; (b) During the silence period.

B. Changes in Average HbOZ2 Concentration in the
Auditory Cortex

Because the change in auditory cortex may be the basis
of affecting tinnitus perception, we analyzed the changes
in mean HbO2 concentrations in the auditory cortex (chan-
nels in Table II: CH1, CHS5, CH6, CH13, CH17, CHI18).
We calculated the mean HbO2 concentration before and after
acupuncture treatment during the sound block (Sound) and the
silence block (Silence). We found that acupuncture treatment
increased the HbO2 concentration in the auditory cortex during
sound and silence (Fig. 7). After acupuncture treatment, the
HbO2 concentration of the left and right auditory cortex
increased from —0.007 to 0.002 and from —0.001 to —0.0001
respectively during the sound period. During the silence
period, the HbO2 concentration of the left and right auditory
cortex increased from -0.006 to 0.004, and from 0.004 to
0.008, respectively. The concentration of HbO?2 in the silence
period was higher than that in the sound period. We made a
statistical analysis of the HbO2 concentration in the left and
right auditory cortex before and after acupuncture treatment.
The results of the paired sample t-test showed that there were
significant changes in the left cerebral cortex during the silence
period (T=-2.232, p=0.023) (Table 1V).

TABLE IV
STATISTICAL ANALYSIS OF HBO2 CONCENTRATION
IN THE AUDITORY CORTEX

Sound Silence
Left Right Left Right
T-value -6.497 -0.610 -2.232 -0.470
p-value 0.155 0.604 0.023" 0.648

* Corresponds to the value below 0.05.

TABLE V
PEARSON CORRELATION COEFFICIENT BETWEEN SCALE SCORE
CHANGE AND HBO2 CHANGE IN THE AUDITORY CORTEX

Sound Silence
Left Right Left Right
THI -0.857" -0.894™ -0.865™ -0.849™
TEQ -0.726™ -0.828™ -0.799™ -0.816™
HAMA -0.166 -0.228 -0.193 -0.244
HAMD -0.146 -0.194 -0.167 -0.234

" Correlation is significant at the 0.01 level (two-tailed).

TABLE VI
ACTIVATION OF EACH CHANNEL BEFORE ACUPUNCTURE

Channel Channel

Number T-value p-value Number T-value p-value
1 -2.572 0.137 11 -2.547 0.137
2 -2.890 0.135 12 -1.402 0.397
3 -0.536 0.674 13 -1.284 0.397
4 -0.976 0.464 14 -0.907 0.464
5 0.002 0.998 15 -1.272 0.397
6 -1.785 0.280 16 -1.556 0.352
7 -1.218 0.397 17 -2.934 0.135
8 -0.930 0.464 18 -2.115 0.194
9 -0.982 0.464 19 -2.913 0.135
10 -0.287 0.822 20 -2.109 0.194

C. The Relationship Between the Change of Scale
Scores and HbO2 Concentration in the Auditory Cortex

We analyzed the relationship between the change in scale
score and the change in HbO2 concentration in the auditory
cortex caused by acupuncture treatment. Table V shows the
correlation between the change in different scale scores and
the change in HbO2 concentration in the auditory cortex. The
results showed that the changes in the scores of THI and
TEQ were significantly correlated with the changes in the
concentration of HbO2 in the auditory cortex. The r between
the THI and the HbO2 concentration in the auditory cortex
were —0.857, —0.894, —0.865 and —0.849, respectively. For
the TEQ, r were —0.726, —0.828, —0.799 and —0.816,
respectively.

D. Effects of Acupuncture on Channel Activation

We analyzed the effect of acupuncture on the activa-
tion of different channels (CH1~CH20) under sound-evoked
activity. The activation maps show the activation of each
channel (Fig. 8). Before acupuncture treatment, there was
no obvious activated channel (Table VI). After acupuncture
treatment, the superior temporal gyrus (CH6, T=-2.907,
p=0.045; CH13, T=—4.258, p=0.027) showed significant
activation (Table VII).
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T-values

(b) ’

Fig. 8. The rows show auditory stimuli conditions, and the columns show
different measurement times (a): Pre-treatment, (b): Post-treatment). For
each map, the left and right images show the measured areas of the left
and the right hemisphere respectively.

TABLE VI
ACTIVATION OF EACH CHANNEL AFTER ACUPUNCTURE

Channel Channel

Number T-value p-value Number T-value p-value
1 -0.691 0.592 11 -3.435 0.056
2 -0.367 0.801 12 -0.800 0.551
3 -2.399 0.141 13 -4.258 0.027"
4 -1.950 0.225 14 -0.153 0.881
5 -1.818 0.241 15 -0.240 0.858
6 -2.907 0.045" 16 -0.874 0.551
7 -1.937 0.225 17 -0.975 0.551
8 -0.804 0.551 18 -1.601 0.306
9 -1.273 0.417 19 -2.551 0.135
10 -1.314 0.417 20 -0.914 0.551

* Corresponds to the value below 0.05.

IV. DISCUSSION

In this study, we combined fNIRS with sound stimulation
to explore the effect of acupuncture on the cerebral cortex
of people with tinnitus. It was assumed that acupuncture
would increase the activation of some regions of the human
brain, improve the tinnitus symptoms of tinnitus patients, and
reduce the anxiety and depression symptoms of patients. After
collecting the fNIRS signal, the changes in brain activation
and hemodynamic responses in patients with tinnitus were
obtained by analysis.

Animal models of noise-induced tinnitus demonstrate
increased spontaneous and tone-evoked neural firing rates
and enhanced neural synchrony in the auditory cortex [45].
Increased neuronal firing rates and enhanced synchrony have
both been touted as putative physiologic correlates of tinni-
tus [2]. However, the human brain is more complex, so ani-
mal models cannot be equated with human models. Using

fNIRS to detect the changes in cortical area can reflect the
effect of acupuncture treatment on neural plasticity. Brain
tissue in the cortical area of the damaged brain can promote
neural plasticity through repeated treatment to restore damaged
function [46].

Studies have explored the effects of acupuncture on cere-
bral blood oxygen metabolism in healthy subjects, based
on fNIRS. For example, Széles and Litscher [47] performed
electroacupuncture on auricular points of 2 healthy people and
showed that HbO2 in the brain increased steadily and had
certain follow-up effects. Han et al. [48] randomly divided
12 healthy subjects into a Hegu acupuncture group and a
blank control group and found that the HbO2 in the Hegu
acupuncture group was significantly higher than that in the
blank control group, suggesting that acupuncture on the Hegu
acupoint could activate the prefrontal cortex. Reference [49]
examined the effects of hand acupuncture and laser on HbO2
in 3 subjects and found that acupuncture on acupoints could
increase HbO2, but acupuncture on sham acupoints had no
similar effect. Litscher and Schikora [50] performed a variety
of acupuncture stimulations in 88 healthy people and showed
that hand acupuncture and laser acupuncture at specific acu-
points could promote an immediate increase in HbO2, and
there was a follow-up effect. Our research also shows that
acupuncture at acupoints can increase the concentration of
HbO2. Our results show that before and after acupuncture
treatment, the concentration of HbO2 in the silence period
is higher than that in the sound period. According to the
neurovascular coupling mechanism, the increase of regional
cerebral blood oxygen reflects the activity of neurons. Previous
studies have found that auditory cortical activity was increased
in tinnitus subjects during silence, whereas this activity was
suppressed during broadband noise auditory stimulation [51].
In our study, the concentration of HbO2 in the silence period
was higher than that in the sound period, which may also
be related to the inhibition of auditory cortical activity by
sound stimulation. Similar to other fNIRS studies related to
acupuncture, we must admit that the relationship between
the changes in acupuncture-induced blood oxygen activity
observed in tinnitus and its neuronal correlation remains to
be clarified. The changes in blood oxygen activity caused by
acupuncture can only provide an indirect hint to the neuronal
changes underlying tinnitus.

We observed that after the participants received sound stim-
ulation after acupuncture, in addition to some brain regions
related to hearing, the significance of other brain regions also
changed. Among the brain regions activated after treatment,
CH6 and CH13 are located in Broadmann area 22, which is
mainly used for auditory processing and language reception.
Our examination of the cerebral cortex of tinnitus participants
showed that multiple acupuncture treatments affected tinnitus-
related neural plasticity. This change in the human tinnitus
brain may reflect the potential plasticity of acupuncture on
the auditory central nerve and prove that acupuncture is
helpful for the treatment of tinnitus. Tinnitus always has
subjective factors, and objective measurement methods will
help to increase the clinical persuasiveness of acupuncture
therapy. Using fNIRS to measure the changes in hemodynamic
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response can be used as an objective means of tinnitus
rehabilitation.

As a new imaging method, fNIRS is more suitable for the
application of tinnitus than other imaging methods because of
its advantages of no noise and strong anti-interference ability.
However, fNIRS can only measure hemodynamic activity in
the superficial regions of the outer cortex and cannot measure
activity that occurs in deeper layers of the brain [52]. In this
study, although all participants had tinnitus, we did not control
for the participants’ hearing level and degree of tinnitus.
In future research, we need to consider looking for participants
whose hearing levels and the degree of tinnitus are as close
as possible.

V. CONCLUSION

fNIRS is an effective method for evaluating auditory cortical
activation, and it can be used in auditory-related imaging
studies. In this study, fNIRS was used to detect the changes of
blood oxygen in the cerebral cortex of patients with tinnitus,
which shows that acupuncture can improve the symptoms of
tinnitus. In this study, acupuncture reduced the severity of
tinnitus in patients with tinnitus and reduced symptoms of anx-
iety and depression. According to the fNIRS detection results
of tinnitus patients, acupuncture increased the concentration
of oxygenated hemoglobin in the temporal lobe of tinnitus
patients, and affected the activation of the auditory cortex,
which may reflect the potential plasticity of acupuncture on
the auditory central nervous system. With the continuous
development of fNIRS, fNIRS will show obvious advantages
in brain imaging, which will contribute to the study of tinnitus
neural mechanisms of acupuncture treatment of tinnitus, and
may be used as an effective tool to evaluate the effect of
acupuncture treatment for tinnitus in the future.
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