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Abstract

Mild cognitive impairment (MCIl) is a precursor to Alzheimer’s disease. It is imperative to develop a proper treatment for this neurological
disease in the aging society. This observational study investigated the effects of acupuncture therapy on MCI patients. Eleven healthy
individuals and eleven MCI patients were recruited for this study. Oxy- and deoxy-hemoglobin signals in the prefrontal cortex during working-
memory tasks were monitored using functional near-infrared spectroscopy. Before acupuncture treatment, working-memory experiments
were conducted for healthy control (HC) and MCI groups (MCI-0), followed by 24 sessions of acupuncture for the MCl group. The acupuncture
sessions were initially carried out for 6 weeks (two sessions per week), after which experiments were performed again on the MCl group
(MCI-1). This was followed by another set of acupuncture sessions that also lasted for 6 weeks, after which the experiments were repeated
on the MCI group (MCI-2). Statistical analyses of the signals and classifications based on activation maps as well as temporal features were
performed. The highest classification accuracies obtained using binary connectivity maps were 85.7% HC vs. MCI-0, 69.5% HC vs. MCI-1,

and 61.69% HC vs. MCI-2. The classification accuracies using the temporal features mean from 5 seconds to 28 seconds and maximum (i.e,
max(5:28 seconds)) values were 60.6% HC vs. MCI-0, 56.9% HC vs. MCI-1, and 56.4% HC vs. MCI-2. The results reveal that there was a change
in the temporal characteristics of the hemodynamic response of MCl patients due to acupuncture. This was reflected by a reduction in the
classification accuracy after the therapy, indicating that the patients’ brain responses improved and became comparable to those of healthy
subjects. A similar trend was reflected in the classification using the image feature. These results indicate that acupuncture can be used for

the treatment of MCI patients.

Key Words: acupuncture; Alzheimer’s disease; cognition; convolutional neural network; functional connectivity; functional-near infrared
spectroscopy; hemodynamic response; linear discriminant analysis; mild cognitive impairment

Introduction

Neurological injuries and diseases are the major causes of the
degradation of people’s mental capabilities that can be treated via
rehabilitation. One of the brain diseases is Alzheimer’s disease (AD),
which starts with mild memory loss and eventually becomes severe (Si
et al., 2019). According to a study, 70% of dementia cases are caused
by AD worldwide (Alzheimer’s Association, 2019). Mild cognitive
impairment (MCl) is a condition that occurs as a prior stage of AD. It
is defined by a loss of vocabulary and judgment-related memory. It
progresses rapidly, which can lead to AD. Therefore, early diagnosis
and treatment of MCl—involving either therapy (acupuncture)

or medication-based care—is necessary. Acupuncture is a non-
pharmacological procedure based on the placement of tiny needles
at particular locations on the human body, known as acupoints (Lee
et al., 2020). The acupuncture-related changes in the brain are still
being investigated; however, it has neurological outcomes such as
improvement in cognition and stroke treatment (Li et al., 2020).

AD/MCI pathogenesis can be studied using electroencephalography,
functional near-infrared spectroscopy (fNIRS), and functional magnetic
resonance imaging (fMRI) (Khan et al., 2018; Hong and Yaqub,
2019). For more than a decade, fMRI has been employed to study
the underlining neural mechanisms elicited through acupuncture
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(Asghar et al., 2010; Bai et al., 2010; Hui et al., 2010; Liu et al., 2011;
Chen et al., 2012; Feng et al., 2012). Many studies have utilized fNIRS
for showing the changes that occur in the hemodynamic responses
of MCI patients during the task. Arai et al. (2006) found that the
HR of MCI patients was smaller in the parietal region as compared
with healthy controls (HC). Yeung et al. (2016a, b) showed loss of
lateralization in MCI patients and observed no increased activation
during a cognitive task. Decreased activation in the prefrontal cortex
and parietal areas of MCl and AD patients was observed in similar
seminal works (Uemura et al., 2016; Li et al., 2018). Improved cortical
activation was observed in a dual-task (walking and verbal frequency
task), and reduced activation was observed during normal walking
in MCI patients (Doi et al., 2013). Yap et al. (2017) revealed that the
time taken to achieve the activation level of maximum HR in the
prefrontal cortex of HC was shorter than that of MCl or AD patients.
These results showed the potential of fNIRS for the detection of
MCI/AD. However, the influence of acupuncture on MCI patients
using fNIRS is still in the developing stage. The preceding study had
investigated the longitudinal effects of acupuncture on MCI patients:
The analyses were primarily based on the Korean version of the
Montreal Cognitive Assessment score (MoCA-K) and HRs (Ghafoor et
al., 2019). The improvement in mean MoCA-K scores and averaged
HRs depicted that the cognitive function of the MCI group was
enhanced upon acupuncture. Nevertheless, the conclusion on the
averaged increase in fNIRS data and MoCA-K scores was deduced
based on statistical analyses.

To validate the impact of acupuncture, we aim to explore the changes
at the trial-level (not averaged) temporal data, spatial activation
patterns, and functional connectivity by employing classification
algorithms. We aimed to determine whether acupuncture can
improve the mental health of MCl patients in terms of brain
activation. We attempted to determine whether there are changes
in the HRs of the patients due to acupuncture concerning the
classification accuracies. To check our hypothesis, two classification
methods were adopted in the study, i.e., classification using temporal
features and through a convolutional neural network (CNN).

Subjects and Methods

Ethical approval

The study protocol was approved by the Institutional Review Board
of Dunsan Korean Medicine Hospital, Daejeon University (IRB
No. DJDSKH-17-BM-13) on June 5, 2017 (Additional file 1), and
conducted in accordance with the Declaration of Helsinki. This
study was reported according to the STrengthening the Reporting of
OBservational studies in Epidemiology (STROBE) statement (von Elm
et al., 2014). Before the experiment, all the participants were given
a complete description of the experimental procedure and provided
written informed consent. For the MCI patients, additional consent
was obtained for the acupuncture. The Clinical Research Information
Service (CRIS) of the Republic of Korea (https://cris.nih.go.kr/cris/
en/), which is a publically accessible primary register that participates
in the WHO International Clinical Trial Registry Platform, approved
this trial having registration number KCT 0002451, registered on
September 5, 2017.

Participants

In this case-control observational study, eleven HC and eleven MClI
patients were recruited. For consistency, the average age, sex, and
number of years of education were comparable between the groups.
A total of 11 healthy (age 55.92 + 7.65 years) and 11 MCI patients
(age 61.58 * 6.55 years) were recruited in the experiment (P-value
for group differences = 0.0755). To avoid gender variability, all the
participants were female. MCl patients were recruited from Dunsan
Korean Medical Hospital in the year 2017 (September—December).
Newspapers were also used for advertisement to recruit participants.
All the participants were informed that they could stop participating
at any time. The medical history of the participants, along with
demographic and drug-intake information, was obtained before the
experiment. Additionally, on-spot assessments of the height, weight,
and systolic blood pressure were performed. None of the participants
had indulged in a brain signal acquisition experiment before this
study. To evaluate the cognitive performance of the participants,
the MoCA-K test was performed. The inclusion criteria for HC and
MCI patients were: (i) The ages range from 40 to 80 years; and (ii)
MoCA-K scores are < 22 for MCl and > 26 for HC. The exclusion
criteria were unstable psychiatric disorders and/or the presence
of other neurological injuries/illnesses such as Parkinson’s disease,
stroke, cerebral hemorrhage, tumors, and schizophrenia.

The needed number of subjects was calculated using statistical basis/
power analysis. We performed the power calculation by a two-sided
test with a 5% level of significance, with the statistical power to be
80% for computation of the sample size. We planned to conduct a
two-arm clinical trial to evaluate the effects of acupuncture therapy,
which may enhance the cognitive ability of MCI patients. Our
hypothesis was the increase of 6 units in the MoCA-K test scores of
MCI patients after acupuncture therapy, which would represent a
clinically meaningful increase.

The effect size was calculated using an estimated value of the
variability in the MoCA-K test. A two-sided test was used with a 5%
level of significance Z (1-a/2) = Z (0.975) = 1.960 and the power of
the statistical test to be 80% Z (0.8) = 0.84 to compute the sample
size that comes out to be 10. The anticipated dropout rate was set
to 15% because it was expected that some participants might not
be able to complete the study. Therefore, the required number of
subjects in each group will be 10/0.85 = 12. During the experiment,
one MCI patient’s fNIRS data were not recorded properly: This result
was not included in the subsequent analysis. Moreover, for a fair
comparison, one healthy control subject’s data were also excluded in
further analysis.

Optode placement for fNIRS signal acquisition and experimental
paradigm

In the experiment, seven detectors and eight emitters were
positioned over the region of interest. Figure 1 shows the optode
configuration on the prefrontal cortex of the human brain. A total
of 20 channels were formed using all the emitters and detectors.
The optodes were placed by taking FpZ as a reference point. The
reference points were set in accordance with the International 10-20
System of Electrode Placement. The separation between the emitter
and detectors was < 3 cm.

Figure 1 | Emitter-detector
configuration on the prefrontal
cortex.

FpZis taken as a reference
point in accordance with the
International 10-20 System
(Ghafoor et al., 2019).

1 Channel # 1
@ Detectors
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For the prefrontal cortex, a working-memory task was employed
to detect neuronal activation (Di Rosa et al., 2019). Nine trials
were conducted during the experiment. Each trial consisted of a
24-second task period and a 14-second rest period. A “ready” cue of
2 seconds was given in each trial before the start of the task period.
This was done to alert the subject that a task was to be performed
soon. During the task period, for the initial 8 seconds, 3—7 images
randomly appeared on a screen placed in front of the subjects.
After the 8 seconds, there was a period of 14 seconds during which
the subjects were allowed to hold images that they selected (as
per difficulty). This was followed by a probe period of 2 seconds in
which the participants had to respond, indicating whether the image
displayed was among the images shown previously. In responding,
the subjects used two push buttons to reply “yes” or “no.” Before
the commencement of the experiment session, there was a pre-rest
period of 4 minutes. Similarly, at the end of the experiment, there
was a 30-second post-rest period. Figure 2 shows the experimental
paradigm (Ghafoor et al., 2019). A black screen was displayed during
the rest period. Throughout the experiment, the subjects were
advised to keep their eyes open.

Acupuncture

The acupuncture intervention details were presented in detail
elsewhere (Jung et al., 2018). Briefly, the patients underwent several
acupuncture sessions lasting 10 min each. A total of 24 sessions
were conducted over 12 weeks (i.e., for brevity, before acupuncture:
MCI-0, after 12 acupuncture sessions (6 weeks): MCI-1, and after 24
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Figure 2 | Experimental paradigm.

acupuncture sessions (12 weeks): MCI-2). The selection of acupoints
was based on the 12-meridian system used in clinical trials for AD
and MCI (Zhou and Jin, 2008; Chen et al., 2014; Liu et al., 2014;
Shi et al., 2015). During this time, the participants were instructed
not to participate in any other acupuncture. The acupuncture was
performed under the rules of Standards for Reporting Interventions
in Clinical Trials of Acupuncture (STRICTA) (MacPherson et al., 2010).
Table 1 summarizes the intervention details.

Table 1 | Acupuncture intervention details

Elements Description

Acupuncture type Traditional Korean medicine therapy

Number of needle insertion per 14 acupoints
subject and session

Location of acupoints GV20, EX-HN1, CV12, (Shenmen HT7
bilateral), ST36 (bilateral), SP6 (bilateral),

and Taixi (KI3 bilateral)

Depending upon the thickness of skin
(approximately 5-10 mm)

Penetration of needle

Stimulation on needle insertion No

10 min

0.20 mm x 30 mm in size, made of stainless
steel (Dongbang Medical Co., Ltd., Korea)
Total number of acupuncture 24

therapy sessions

Needle retention time

Dimensions and material of
needle

A medical doctor with clinical experience of
more than 2 yr

Qualification of acupuncturists

Acquisition and preprocessing of fNIRS signals

The signals generated in the brain were sampled at a frequency of
7.81 Hz. A single-phase continuous-wave fNIRS system NIRScout
(NIRx Medical Technologies, New York, NY, USA) was used for the
acquisition of fNIRS signals. The experiments were performed by
the medical doctors and staff in Dunsan Korean Medicine Hospital,
Daejeon University. Subsequently, the data analyses were done by
the researchers in Pusan National University, Republic of Korea.
Two different wavelengths were utilized by the system: 760 and
850 nm. The Modified Beer-Lambert’s law was used to convert
the raw intensities into changes in oxy-hemoglobin (AHbO) and
deoxy-hemoglobin (AHbR) (Kocsis et al., 2006). This conversion was
performed using the NIRSlab software (NIRx Medical Technologies).

After the data were converted into AHbO and AHbR, they were
preprocessed to remove the effects of physiological noises. For this, a
4™ order Butterworth filter was utilized. A low-pass cutoff frequency
of 0.15 Hz was used to remove cardiac, respiratory, and low-
frequency drift signals (Fekete et al., 2011; Kainerstorfer et al., 2015).
The cutoff frequency for the high-pass filter was selected according
to the longest period of a single trial (i.e., 38 seconds (1/38 seconds =
0.026 Hz)) (Pinti et al., 2018; Zafar and Hong, 2018). For analysis, the
software MATLAB 2017 was used (MathWorks, Naticks, MA, USA).

Data analysis

After the pre-processing, the next step was to classify the data. From
the literature, different sets of features can be found that have been
utilized for data analysis (Noori et al., 2017; Nazeer et al., 2020).
For classification, two different methods were used: Classification
based on temporal features and classification using images (Yang
et al., 2019). For classification based on temporal features, mean
(i.e, mean(5:28 seconds) for brevity), maximum (i.e, max(5:28
seconds)), slope (i.e, slope(5:28 seconds)), skewness (i.e, skew(5:28

seconds)), kurtosis (i.e, kurt(5:28 s)), increasing slope (i.e, slope(2:12
seconds)), decreasing slope (i.e, slope(26:36 seconds)) and entire
mean (i.e, mean(1:38 seconds)) were used as features. These
features were classified using linear discriminant analysis (Naseer et
al., 2016). Fivefold cross-validation was performed to determine the
classification accuracy.

For analysis using images, the data for all the trials were first
converted into pictorial form. Activation maps and connectivity maps
were used as image features. For the representation of the activation
maps (i.e., t-maps), a t-test was performed. The t-values for all the
channels were calculated using the built-in function robustfit of
MATLAB. In the test, the statistical significance level was set as 0.05.
To obtain connectivity matrices, the Pearson correlation coefficients
were calculated for the data of each channel (Zhao et al., 2020).
These connectivity matrices were then used to create connectivity
maps. The obtained images were classified using CNN. In this study,
the neural network consisted of two convolutional layers and two
fully connected layers. Again, fivefold cross-validation was used.
Additional details regarding the method used in this study and the
advanced machine learning approach were presented in the previous
works (Kim et al., 2019; Kim and Choi, 2019; Yang et al., 2019). For
detecting cortical activation, the time-series signal for each trial was
fitted to the desired hemodynamic response (dHRF) signal (Hong et
al., 2017).

Statistical analysis

To evaluate the statistical difference between the MCI group and
the healthy group, Student’s t-tests were performed using software
MATLAB 2017 (MathWorks). While comparing the average amount
of activation between the healthy subjects and MCI patients, two
independent sample t-tests were performed. Whereas paired t-tests
were used for the comparison of the activation between the MCI
patients before and after acupuncture sessions. Data are expressed
as the mean + SD. A difference was considered to be statistically
significant if the following two conditions were satisfied: i) t-value >
critical t-value (t.,) and ii) P-value < 0.01. To verify the results based
on functional connectivity, independent sample and paired t-tests
were performed. The values of correlation for both healthy and MCI
groups were converted from r-values to z-values. This was done
using Fisher’s r-to-z transform.

Results

Comparison of hemodynamic responses

The hemodynamic response function (HRF) is a typical response that
is detected for healthy subjects and patients. To describe the shape
of the HRF, the dHRF was used to identify the activation in each trial.
After the active trials were extracted for all the subjects, the trials
were averaged. The same procedure was followed for both groups.
Visual inspection revealed credible activation for both the patients
and the healthy subjects. However, the responses of the MCl patients
obtained before and after acupuncture sessions differed significantly.
Figure 3 shows the maximum amount of activation observed for the
MCI and HC groups. The maximum amount of activation for HC was
significantly higher compared with MCI-0 (P < 0.001). Interestingly,
after the first twelve acupuncture sessions, there was no longer
a statistically significant difference in the responses between the
HC and MCI-1 groups (P = 0.377). However, statistically significant
differences were observed when the data of the MCI-0 were
compared with MCI-1 (P < 0.001). The activation in the case of MCI-2
was lower than HC group (P < 0.001).

Maximum activation

HC MCI-0 MCI-1 MCI-2

Figure 3 | Comparison of the maximum activations of oxy-hemoglobin
over all the subjects.

For both groups, the amounts of activation were represented using bars, and
the standard deviations were represented as dotted lines above them. HC:
Healthy control; MCI-0: before acupuncture; MCI-1: after 12 acupuncture
sessions (6 weeks); MCI-2: after 24 acupuncture sessions (12 weeks). Data are
expressed as the mean + SD with n =11 HC and n = 11 MCI. ¥***P < 0.001, vs.
HC. MCI: Mild cognitive impairment.
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Figure 4 shows the obtained average MoCA-K scores for both
HC and MCI. To evaluate the task response of subjects, working
memory adaption rates were calculated after each fNIRS experiment.
Interestingly, statistically significant results were obtained while
comparing the working memory adaption rate of HC and MCI-0
(P =0.004), but there was no statistical significance the results of
HC were compared to MCI-1 and MCI-2 (P = 0.033 and P = 0.034,
respectively).

35
30
25
20
15
10

5

0

MoCA-K score

HC MCI-0  MCI-1 MCI-2
Figure 4 | Comparison of the averaged MoCA-K scores in the participants.
The standard deviations in the score are represented by lines in the figure.
(a) HC, (b) MCI-0, (c) MCI-1, (d) MCI-2. HC: Healthy control; MCI-0: before
acupuncture; MCI-1: after 12 acupuncture sessions (6 weeks); MCI-2: after 24
acupuncture sessions (12 weeks). Data are expressed as the mean + SD with
n=11HCand n =11 MCI. ***P =0.004, vs. HC. MoCA-K: Montreal Cognitive
Assessment score; MCl: mild cognitive impairment.

Classification

For classification, all the features were extracted and then used in
pairs. The classification accuracy obtained using each of these feature
sets is shown in Figure 5. The maximum classification accuracy
obtained using mean (i.e, mean(5:28 seconds)) and maximum (i.e,
max(5:28 seconds)) values were 60.6% for HC vs. MCI-0, 55.9% for
HC vs. MClI-1, and 56.4% for HC vs. MCI-2. According to the results,
most of the feature combinations yielded a classification accuracy
higher than the chance level (i.e., 50%).
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Figure 5 | Comparison of classification accuracies for different feature
sets in the participants.

Feature sets: mean (i.e, mean(5:28 seconds) for brevity), maximum (i.e,
max(5:28 seconds)), slope (i.e, slope(5:28 seconds)), skewness (i.e, skew(5:28
seconds)), kurtosis (i.e, kurt(5:28 seconds)), increasing slope (i.e, slope(2:12
seconds)), decreasing slope (i.e, slope(26:36 seconds)) and entire mean (i.e,
mean(1:38 seconds)). HC: Healthy control; MCI-0: before acupuncture; MCI-1:
after 12 acupuncture sessions (6 weeks); MCI-2: after 24 acupuncture sessions
(12 weeks). n =11 HC and n = 11 MCI. MCI: Mild cognitive impairment.

A decrease in the classification accuracies (after acupuncture
sessions) can be seen in almost all of the feature combinations.
This shows that after acupuncture, the temporal characteristics of
the hemodynamic response of MCI patients became similar to the
healthy subjects.

t-maps and connectivity maps are widely used in both functional
magnetic resonance imaging and fNIRS for indicating the areas
of activation of the brain. In this study, these maps were used for
classification. Figure 6 shows the t-maps for each subject in HC and
MCI groups.
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MCI-0 MCI-1 MCI-2

Flgure 6 | Activation maps of the brain generated using MATLAB for all
participants.

The brain activation has been shown through a color gradient from blue to
red. The blue color means no activity whereas the red color shows maximum
activation. n = 11 HC and n = 11 MCI. HC: Healthy control; MCI-0: before
acupuncture; MCI-1: after 12 acupuncture sessions (6 weeks); MCI-2: after 24
acupuncture sessions (12 weeks). MCl: Mild cognitive impairment.

Figure 7 shows the connectivity maps, whereas the corresponding
binary matrices are shown in Figure 8. For converting the
connectivity maps into binary matrices, a threshold value of 0.8 was
used. The trend of the connectivity maps was similar to that of the
t-maps. These results support the claim that acupuncture made
the patients more normal. A significant difference was found while
comparing the HC with MCI-0 groups (P < 0.001). The same was the
case for the comparison of functional connectivity maps of MCI-0
and MCI-1 (i.e., P < 0.001). CNN was used for the classification of the
images. Figure 9 presents the classification accuracies obtained using
t-maps. Whereas Figures 10 and 11 show the classification accuracies
obtained using connectivity maps and corresponding binary maps,
respectively. As shown, the classification accuracies were changed
due to acupuncture. After the therapy, the classification accuracy
decreased, which is similar to the trend of the temporal features.
However, among the three different types of maps used in the
CNN-based classification, the binary matrices yielded the highest
classification accuracy, i.e., 85.7% for HC vs. MCI-0, 69.5% for HC vs.
MCI-1, and 61.69% for HC vs. MCI-2.

Discussion

The objective of this study was to investigate the effects of
acupuncture on MCI patients and to validate it as a method for
improving their mental capabilities. It was hypothesized that
acupuncture would change the hemodynamic response. Our second
hypothesis was that acupuncture would change the activated area,
resulting in making the patients respond like healthy subjects. To
the best of the author’s knowledge, this was the first study in the
field of fNIRS to investigate the effects of acupuncture concerning
classification. We aimed to determine whether acupuncture can
make patients normal by using fNIRS as a brain imaging tool. Our
findings are summarized below.
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Figure 7 | Connectivity maps of the brain generated using MATLAB
software for all participants.

The connectivity has been shown through a color gradient from blue to red.
The blue color means no connectivity whereas the red color shows maximum
connectivity. n =11 HC and n = 11 MCI. HC: Healthy control; MCI-0: before
acupuncture; MCI-1: after 12 acupuncture sessions (6 weeks); MCI-2: after 24
acupuncture sessions (12 weeks). MCl: Mild cognitive impairment.

i) As a first step, the brain activation area of the MCI group was
compared with that of the healthy group. This was done both before
and after the acupuncture. The brain activation patterns for the
working-memory task were compared using a t-test. Initially, there
were significant differences between the hemodynamic responses
of the two groups. After 6 weeks, over which 12 acupuncture
sessions were conducted, interestingly, there was no significant
difference between the hemodynamic responses of the MCl and
healthy groups. Thus, the statistical test validated our hypothesis, i.e.,
acupuncture made the patients more normal.

ii) For classification using temporal features, a feature set consisting
of eight features was extracted from the hemodynamic responses
of both groups. These features were then used as pairs to classify
the healthy and MCI groups. Linear discriminant analysis was used
for classification. The combination of the mean (5:28 seconds)
and max(5:28 seconds) features yielded the highest classification
accuracies. According to the results, in most of the cases, the
classification accuracy was higher before the acupuncture than after
it. Validation based on temporal features was in accordance with our
hypothesis and the results of the statistical test. The results obtained
through classification are in line with MoCA-K scores. It has been
reported in the literature that behavioral results were improved
due to physical acupuncture rather than sham acupuncture (Xu
et al., 2020). In a future study, advanced control techniques and
non-acupoints can be utilized to further validate the effects of
acupuncture (Hong and Pham, 2019; Pamosoaji et al., 2019; Navabi
et al., 2020; Rahmani and Rahman, 2020).
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HC MCI-1
Figure 8 | Binary matrices of all participants with the threshold of 0.8.
HC: Healthy control; MCI-0: before acupuncture; MCI-1: after 12 acupuncture
sessions (6 weeks); MCI-2: after 24 acupuncture sessions (12 weeks). n = 11
HC and n =11 MCI. MCI: Mild cognitive impairment.

111

Figure 9 | Comparison of convolutional neural network-based
classification results obtained using t-maps.

(1) HC vs. MCI-0, (II) HC vs. MCI-1, () HC vs. MCI-2. HC: Healthy control; MCI-
0: before acupuncture; MCI-1: after 12 acupuncture sessions (6 weeks); MCl-
2: after 24 acupuncture sessions (12 weeks). n = 11 HC and n = 11 MCI. MCl:
Mild cognitive impairment.

10N}

Figure 10 | Comparison of convolutional neural network-based
classification results obtained using connectivity maps.

(1) HC vs. MCI-0, (1) HC vs. MCI-1, (lll) HC vs. MCI-2. HC: Healthy control; MCI-
0: before acupuncture; MCI-1: after 12 acupuncture sessions (6 weeks); MCl-
2: after 24 acupuncture sessions (12 weeks). n =11 HC and n = 11 MCI. MCl:
Mild cognitive impairment.
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Figure 11 | Comparison of convolutional neural network-based
classification results obtained using binary maps.

(I) HC vs. MCI-0, (1) HC vs. MCI-1, (Ill) HC vs. MCI-2. HC: Healthy control; MCI-
0: before acupuncture; MCI-1: after 12 acupuncture sessions (6 weeks); MCI-
2: after 24 acupuncture sessions (12 weeks). n =11 HC and n = 11 MCI. MCl:
Mild cognitive impairment.

iii) The prefrontal cortex of the brain is the major contributor to
most active-memory tasks, such as mental arithmetic, counting, and
working-memory tasks, as it is sensitive to mental training (Wang
et al.,, 2012a). With age, this area becomes weak with regard to
capabilities, giving rise to dangerous diseases such as AD (Sorg et al.,
2007). Such changes in mental health can be monitored using brain
activation maps and brain connectivity maps. Thus, the effects of
acupuncture were validated using connectivity maps and activation
maps.

Connectivity maps and activation maps were created for each trial.
Using these maps, CNN-based classification was performed. For the
MCI group, acupuncture increased the activated area and enhanced
the connectivity in the prefrontal cortex. The results indicated
that with the acupuncture, the activation areas and connectivity
maps of the MCI patients became more similar to those of the
healthy subjects. Additionally, the classification accuracy decreased,
supporting the aforementioned hypothesis. These results indicate
improvements in the patients and are in accordance with the
literature (Serra et al., 2017; Ghafoor et al., 2019).

The foregoing results support our hypothesis that acupuncture
makes MCI patients more normal with regard to brain health. The
enhancement of the patients’ mental state due to acupuncture is
reflected by the AHbO signal, which is increased after acupuncture
(Wang et al., 2012b; Yap et al., 2017). Although there is a decrease in
the maximum value after MCI-2, the activation is higher as compared
to MCI-0. Also, the improvement in the cognitive abilities of the MCI
patients is reflected in the MoCA-K test scores. The results obtained
through classification are in line with the predecessor of the current
study (Ghafoor et al., 2019). Also, from the results of classification,
there is a notable difference between the classification accuracies
obtained from temporal features and image features. By using
images of brain activation and connectivity, higher classification
accuracies were obtained. These results are in line with a recently
published work by (Yang et al., 2019). Overall, the results indicate
that acupuncture is useful for enhancing the mental state of patients.

Owing to the small number of fNIRS channels available, the study
was limited to the prefrontal cortex of the brain. In future research,
a larger number of channels can be used for investigating other brain
areas (Khan et al., 2020; Khan and Hong, 2021). Additionally, hybrid
EEG-fNIRS neuroimaging modalities can be used for brain signal
acquisition (Fu et al., 2017; Gong et al., 2017; Hong et al., 2020).
This would be useful for verifying the hypothesis of the present
study for the entire brain. A major limitation of fNIRS is inter-subject
and intra-subject variability in the hemodynamic response signal
(Sato et al., 2005). In this study, this has been catered for by taking
overall data acquired from many subjects. Furthermore, it would
allow observation of the activation and connectivity of the entire
brain. To make the activation maps more precise, high-density or
bundled optodes placement (including short separation channels)
can be utilized to increase the spatial resolution (Nguyen and Hong,
2016; Yaqub et al., 2020). In future studies, Neuroplasticity needs
to be checked several months later after the interventions to verify
the long-lasting effects of acupuncture. Another limitation of this
study was the number of subjects. Although the number of subjects
was similar to those for previous studies, the study can be extended
to a larger number of subjects. Moreover, only female participants
participated in the study, representing another limitation, as the
sex-based variability cannot be evaluated. In the future, identical
research can be performed on male subjects, and the results can be
compared with those of the present study. Another future endeavor
will be to give acupuncture or electrical/magnetic stimulation only at
the brain site for assessing their impact on different brain locations
(Sabel et al., 2020). Evaluation of the immediate effect due to

acupuncture in MCl patients and the different types of stimulation in
acupuncture (i.e., by lifting, inserting, or twisting the needle) can also
be a promising avenue in future studies (Rojas et al., 2019).

Conclusion

This study is a step toward analyzing the effects of acupuncture
treatment on MCI for enhancing the patient’s brain activity. It was
found that the traditional method of acupuncture can improve the
mental health of patients, which was confirmed using classification
methods. The results revealed that acupuncture therapy improved
the hemodynamic responses of the patients. This claim is in line
with the cognitive performance of the participants monitored
through MoCA-K test scores. Additionally, the results indicated that
the activated area of the MCI patients, as well as the connectivity,
increased with acupuncture. Statistical evidence for these claims has
been provided. Finally, the decrease in the classification accuracies
indicated that the brain activation of the MCI patients became
somewhat similar to those of the HC group due to acupuncture
therapy.

Author contributions: MNAK carried out the data processing, and wrote
the first draft of the manuscript. UG performed statistical analyses and
verified the data in the revision process. HRY recruited the subjects and
conducted the experiments. KSH provided the theoretical suggestions of
the study, corrected the manuscript, and supervised all the process. All
the authors approved the final manuscript.

Conflicts of interest: The authors declare no conflict of interest.

Author statement: This manuscript has been posted as a preprint on
Research Square with doi: 10.21203/rs.3.rs-70733/v1, which is available
from: https://www.researchsquare.com/article/rs-70733/v1.

Availability of data and materials: A/l data generated or analyzed during
this study are included in this published article and its supplementary
information files.

Open access statement: This is an open access journal, and

articles are distributed under the terms of the Creative Commons
AttributionNonCommercial-ShareAlike 4.0 License, which allows others
to remix, tweak, and build upon the work non-commercially, as long as
appropriate credit is given and the new creations are licensed under the
identical terms.

OArticle author(s) (unless otherwise stated in the text of the article) 2022.
All rights reserved. No commercial use is permitted unless otherwise
expressly granted.

Additional file:

Additional file 1: Ethical Approval Documentation.

References

Alzheimer’s Association (2019) 2019 Alzheimer’s disease facts and figures.
Alzheimers Dement 15:321-387.

Arai H, Takano M, Miyakawa K, Ota T, Takahashi T, Asaka H, Kawaguchi T (2006)

A quantitative near-infrared spectroscopy study: A decrease in cerebral
hemoglobin oxygenation in Alzheimer’s disease and mild cognitive impairment.
Brain Cogn 61:189-194.

Asghar AU, Green G, Lythgoe MF, Lewith G, MacPherson H (2010) Acupuncture
needling sensation: the neural correlates of deqi using fMRI. Brain Res
1315:111-118.

Bai LJ, Tian J, Zhong CG, Xue T, You YB, Liu ZY, Chen P, Gong QY, Ai L, Qin W (2010)
Acupuncture modulates temporal neural responses in wide brain networks:
evidence from fMRI study. Mol Pain 6:73.

Chen SJ, Meng L, Yan H, Bai LJ, Wang F, Huang Y, Li JP, Peng XM, Shi XM (2012)
Functional organization of complex brain networks modulated by acupuncture
at different acupoints belonging to the same anatomic segment. Chin Med J
125:2694-2700.

Di Rosa E, Brigadoi S, Cutini S, Tarantino V, Dell’Acqua R, Mapelli D, Braver TS, Vallesi
A (2019) Reward motivation and neurostimulation interact to improve working
memory performance in healthy older adults: A simultaneous tDCS-fNIRS studly.
Neuroimage 202:116062.

Doi T, Makizako H, Shimada H, Park H, Tsutsumimoto K, Uemura K, Suzuki T (2013)
Brain activation during dual-task walking and executive function among older
adults with mild cognitive impairment: A fNIRS study. Aging Clin Exp Res 25:539-
544.

Fekete T, Rubin D, Carlson JM, Mujica-Parodi LR (2011) The NIRS analysis package:
noise reduction and statistical inference. PLoS One 6:€24322.

Feng YY, Bai LJ, Ren YS, Chen SJ, Wang H, Zhang WS, Tian J (2012) FMRI connectivity
analysis of acupuncture effects on the whole brain network in mild cognitive
impairment patients. Magn Reson Imaging 30:672-682.

NEURAL REGENERATION RESEARCH | Vol 17 | No. 8 | August 2022 | 1855



NEURAL REGENERATION RESEARCH

Research Article

°
] .
% - www.nrronllne.org

Fu YF, Xiong X, Jiang CH, Xu BL, Li YC, Li HY (2017) Imagined hand clenching force
and speed modulate brain activity and are classified by NIRS combined with
EEG. IEEE Trans Neural Syst Rehabil Eng 25:1641-1652.

Ghafoor U, Lee JH, Hong KS, Park SS, Kim J, Yoo HR (2019) Effects of acupuncture on
MCI patients using functional near-infrared spectroscopy. Front Aging Neurosci
11:237.

Gong AM, Liu JP, Li FB, Liu FY, Jiang CH, Fu YF (2017) Correlation between resting-
state electroencephalographic characteristics and shooting performance.
Neuroscience 366:172-183.

Hong KS, Bhutta MR, Liu XL, Shin YI (2017) Classification of somatosensory cortex
activities using fNIRS. Behav Brain Res 333:225-234.

Hong KS, Ghafoor U, Khan MJ (2020) Brain—machine interfaces using functional
near-infrared spectroscopy: a review. Artif Life Robot 25:204-218.

Hong KS, Yaqub MA (2019) Application of functional near-infrared spectroscopy in
the healthcare industry: A review. J Innov Opt Health Sci 12:1930012.

Hong KS, Pham PT (2019) Control of axially moving systems: a review. Int J Control
Autom Syst 17:2983-3008.

Hui KK, Marina O, Liu J, Rosen BR, Kwong KK (2010) Acupuncture, the limbic system,
and the anticorrelated networks of the brain. Auton Neurosci 157(1-2):81-90.

Jung ES, Lee JH, Kim HT, Park SS, Kim JE, Cha JY, Seol IC, Choi YE, Yoo HR (2018)
Effect of acupuncture on patients with mild cognitive impairment assessed using
functional near-infrared spectroscopy on week 12 (close-out): a pilot study
protocol. Integr Med Res 7:287-295.

Kainerstorfer JM, Sassaroli A, Tgavalekos KT, Fantini S (2015) Cerebral autoregulation
in the microvasculature measured with near-infrared spectroscopy. J Cereb
Blood Flow Metab 35:959-966.

Khan MNA, Bhutta MR, Hong KS (2020) Task-specific stimulation duration for fNIRS
brain-computer interface. IEEE Access 8:89093-89105.

Khan MNA, Hong KS (2021) Most favorable stimulation duration in the
sensorimotor cortex for fNIRS-based BCI. Biomed Opt Express 12:5939-5954.
Khan RA, Naseer N, Qureshi NK, Noori FM, Nazeer H, Khan MU (2018) fNIRS-based

Neurorobotic Interface for gait rehabilitation. J Neuroeng Rehabil 15:7.

Kim HH, Jo JH, Teng Z, Kang DJ (2019) Text detection with deep neural network
system based on overlapped labels and a hierarchical segmentation of feature
maps. IntJ Control Autom Syst 17:1599-1610.

Kim SH, Choi HL (2019) Convolutional neural network for monocular vision-based
multi-target tracking. Int J Control Autom Syst 17:2284-2296.

Kocsis L, Herman P, Eke A (2006) The modified Beer—Lambert law revisited. Phys
Med Biol 51:N91-98.

Lee SH, Park SS, Jang JH, Jin SH, Baik YS, Yoo HR (2020) Effects of acupuncture
treatment on functional brain networks of Parkinson’s disease patients during
treadmill walking: An fNIRS study. Appl Sci 10:8954.

Li D, Chen QX, Zou W, Sun XW, Yu XP, Dai XH, Teng W (2020) Acupuncture promotes
functional recovery after cerebral hemorrhage by upregulating neurotrophic
factor expression. Neural Regen Res 15:1510-1517.

Li RH, Rui GX, Chen W, Li S, Schulz PE, Zhang YC (2018) Early detection of
Alzheimer’s disease using non-invasive near-infrared spectroscopy. Front Aging
Neurosci 10:366.

Li RH, Potter T, Huang WT, Zhang YC (2017) Enhancing performance of a hybrid
EEG-fNIRS system using channel selection and early temporal features. Front
Hum Neurosci 11:462.

Liu J, Qin W, Guo Q, Sun J, Yuan K, Dong M, Liu P, Zhang Y, von Deneen KM, Liu Y,
Tian J (2011) Divergent neural processes specific to the acute and sustained
phases of verum and SHAM acupuncture. J Magn Reson Imaging 33:33-40.

MacPherson H, Altman DG, Hammerschlag R, Li YP, Wu TX, White A, Moher D (2010)
Revised standards for reporting interventions in clinical trials of acupuncture
(STRICTA): extending the CONSORT statement. J Altern Complement Med
16:ST1-14.

Naseer N, Noori FM, Qureshi NK, Hong KS (2016) Determining optimal feature-
combination for LDA classification of functional near-infrared spectroscopy
signals in brain-computer interface application. Front Hum Neurosci 10:237.

Navabi M, Mirzaei H, Davoodi A (2020) Optimum design of robust adaptive
controller with actuator constraints. Int J Control Autom Syst 18: 2734-2741.

Nazeer H, Naseer N, Khan RA, Noori FM, Qureshi NK, Khan US, Khan MJ (2020)
Enhancing classification accuracy of fNIRS-BCI using features acquired from
vector-based phase analysis. J Neural Eng 17:056025.

Nguyen HD, Hong KS (2016) Bundled-optode implementation for 3D imaging in
functional near-infrared spectroscopy. Biomed Opt Express 7:3491-3507.

Noori FM, Naseer N, Qureshi NK, Nazeer H, Khan RA (2017) Optimal feature
selection from fNIRS signals using genetic algorithms for BCI. Neurosci Lett
647:61-66.

Pamosoaji AK, Piao M, Hong KS (2019) PSO-based minimum- time motion planning
for multiple vehicles under acceleration and velocity limitations. Int J Control
Autom Syst 17:2610-2623.

Pinti P, Scholkmann F, Hamilton A, Burgess P, Tachtsidis | (2018) Current status and
issues regarding pre-processing of fNIRS neuroimaging data: an investigation of
diverse signal filtering methods within a general linear model framework. Front
Hum Neurosci 12:505.

Rahmani R, Rahman MH (2020) Adaptive neural network fast fractional sliding
mode control of a 7-DOF exoskeleton robot. Int J Control Autom Syst 18: 124-
133.

Rojas RF, Liao MY, Romero J, Huang X, Ou KL (2019) Cortical network response to
acupuncture and the effect of the Hegu point: An fNIRS study. Sensors 19:394.

Sabel BA, Gao Y, Antal A (2020) Reversibility of visual field defects through
induction of brain plasticity: vision restoration, recovery and rehabilitation using
alternating current stimulation. Neural Regen Res 15:1799-1806.

Sato H, Fuchino Y, Kiguchi M, Katura T, Maki A, Yoro T, Koizumi H (2005) Intersubject
variability of near-infrared spectroscopy signals during sensorimotor cortex
activation. J Biomed Opt 10:44001.

Serra L, Mancini M, Cercignani M, Di-Domenico C, Spano B, Giulietti G, Koch G,
Marra C, Bozzali M (2017) Network-based substrate of cognitive reserve in
Alzheimer’s disease. J Alzheimers Dis 55:421-430.

Shi GX, Li QQ, Yang BF, Liu Y, Guan LP, Wu MM, Wang LP, Liu CZ (2015) Acupuncture
for vascular dementia: a pragmatic randomized clinical trial. Sci World J
2015:1614309.

Si SZ, Liu X, Wang JF, Wang B, Zhao H (2019) Brain networks modeling for studying
the mechanism underlying the development of Alzheimer’s disease. Neural
Regen Res 14:1805-1813.

Sorg C, Riedl V, Muhlau M, Calhoun VD, Eichele T, Laer L, Drzezga A, Forstl H, Kurz A,
Zimmer C, Wohlschlager AM (2007) Selective changes of resting-state networks
in individuals at risk for Alzheimer’s disease. Proc Natl Acad Sci U S A 104:18760-
18765.

Uemura K, Shimada H, Doi T, Makizako H, Tsutsumimoto K, Park H, Suzuki T (2016)
Reduced prefrontal oxygenation in mild cognitive impairment during memory
retrieval. Int J Geriatr Psychiatry 31:583-591.

von EIm E, Altman DG, Egger M, Pocock SJ, Ggtzsche PC, Vandenbroucke JP;
STROBE Initiative (2014) The Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) Statement: guidelines for reporting
observational studies. Int J Surg 12:1495-1499.

Wang ZQ, Liang PP, Jia XQ, Jin GW, Song HQ, Han Y, Lu J, Li KC (2012a) The baseline
and longitudinal changes of PCC connectivity in mild cognitive impairment: a
combined structure and resting-state fMRI study. PLoS One 7:236838.

Wang ZQ, Nie BB, Li DH, Zhao ZL, Han Y, Song HQ, Xu JY, Shan BC, Lu J, Li KC (2012b)
Effect of acupuncture in mild cognitive impairment and Alzheimer disease: a
functional MRI study. PLoS One 7:€42730.

Xu'S, Yu L, Luo X, Wang M, Chen G, Zhang Q, Liu W, Zhou Z, Song J, Jing H, Huang G,
Liang F, Wang H, Wang W (2020) Manual acupuncture versus sham acupuncture
and usual care for prophylaxis of episodic migraine without aura: multicentre,
randomised clinical trial. BMJ 368:m697.

Yang DL, Hong KS, Yoo SH, Kim CS (2019) Evaluation of neural degeneration
biomarkers in the prefrontal cortex for early identification of patients with mild
cognitive impairment: An fNIRS study. Front Hum Neurosci 13:317.

Yap KH, Ung WC, Ebenezer EGM, Nordin N, Chin PS, Sugathan S, Chan SC, Yip HL,
Kiguchi M, Tang TB (2017) Visualizing hyperactivation in neurodegeneration
based on prefrontal oxygenation: a comparative study of mild Alzheimer’s
disease, mild cognitive impairment, and healthy controls. Front Aging Neurosci
9:287.

Yaqub MA, Woo SW, Hong KS (2020) Compact, portable, high-density functional
near-infrared spectroscopy system for brain imaging. IEEE Access 8:128224-
128238.

Yeung MK, Sze SL, Woo J, Kwok T, Shum DHK, Yu R, Chan AS (2016a) Reduced
frontal activations at high working memory load in mild cognitive impairment:
Near-infrared spectroscopy. Dement Geriatr Cogn Disord 42:278-296.

Yeung MK, Sze SL, Woo J, Kwok T, Shum DHK, Yu R, Chan AS (2016b) Altered frontal
lateralization underlies the category fluency deficits in older adults with mild
cognitive impairment: A near-infrared spectroscopy study. Front Aging Neurosci
8:59.

Zafar A, Hong KS (2018) Neuronal activation detection using vector phase analysis
with dual threshold circles: a functional near-infrared spectroscopy study. Int J
Neural Syst 28:1850031.

Zhao J, Du YH, Ding XT, Wang XH, Men GZ (2020) Alteration of functional
connectivity in patients with Alzheimer’s disease revealed by resting-state
functional magnetic resonance imaging. Neural Regen Res 15:285-292.

Zhou Y, Jin J (2008) Effect of acupuncture given at the HT 7, ST 36, ST 40 and Kl
3 acupoints on various parts of the brains of Alzheimer’ s disease patients.
Acupunct Electrother Res 33(1-2):9-17.

C-Editors: Zhao M, Li CH, T-Editor: Jia Y

1856 | NEURAL REGENERATION RESEARCH | Vol 17 | No. 8 | August 2022



