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Background: Knee osteoarthritis (KOA) is a prevalent degenerative joint disorder. Acupuncture therapy demonstrates significant
efficacy in alleviating KOA symptoms. However, the central neuroimaging mechanisms underlying acupuncture’s therapeutic effects
remain incompletely elucidated. This study investigated brain network differences between KOA patients and healthy controls and
further examined the effects of acupuncture on aberrant functional connectivity (FC) within brain networks in KOA patients.
Patients and Methods: Blood Oxygenation Level Dependent functional Magnetic Resonance Imaging (BOLD-fMRI) combined
with Independent Component Analysis (ICA) was employed to investigate resting-state functional connectivity differences between 45
KOA patients and 15 healthy subjects. KOA patients were then randomized to: acupuncture group, placebo acupuncture group, or
waiting for treatment group. After the intervention, the BOLD-fMRI scan was performed again, the influence of different intervention
methods on the brain functional connectivity of KOA patients was investigated by ICA, and the central mechanism of acupuncture
treatment of KOA was studied.

Results: Basecline KOA patients showed significantly reduced FC in the limbic network versus healthy subjects, specifically in the
right temporal pole, right parahippocampal gyrus, right hippocampus, bilateral anterior cingulate gyrus, right amygdala, right orbital
part of the inferior frontal gyrus, bilateral medial and paracingulate gyrus. Clinically, the acupuncture group showed significantly
greater improvement in pain and mobility than both the placebo acupuncture group and waiting for treatment group (p < 0.05).
Neuroimaging revealed that only the acupuncture group demonstrated significantly increased FC post-intervention in key limbic
regions, including the anterior cingulate gyrus, lenticular putamen, amygdala, temporal pole, hippocampus, pallidum, parahippocampal
gyrus and caudate nucleus.

Conclusion: Reduced limbic network functional connectivity is a central pathological feature in knee osteoarthritis. Acupuncture’s
therapeutic efficacy is mediated primarily by focal neuromodulation restoring these aberrant limbic connectivity patterns. In contrast,
placebo acupuncture exerts its placebo effects primarily through engagement of the reward circuitry.

Keywords: acupuncture, functional magnetic resonance imaging, independent component analysis, limbic system, osteoarthritis, knee

Introduction

Knee osteoarthritis (KOA) is a common degenerative disease of the knee that has become the fourth leading cause of
disability worldwide, affecting more than 250 million people.'* The pathogenesis involves distinct etiological pathways:
primary KOA typically arises from age-related cartilage degeneration and genetic susceptibility, whereas secondary KOA
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commonly initiates from traumatic knee injuries that induce acute inflammatory responses and subsequently accelerate
joint degeneration.>* In recent years, the incidence of KOA has increased significantly, KOA accounts for more than
80% of global osteoarthritis, and the incidence of symptomatic KOA is 8.1%.>° Chronic pain is the main clinical
manifestation of KOA, and acupuncture is considered to be a safer, more effective and cost-effective treatment.
Acupuncture treatment for KOA has a long history of use. Compared to traditional oral Non-steroidal anti-
inflammatory drugs (NSAIDs), acupuncture treatment for osteoarthritis offers the advantages of lower risk and lower
cost.” While surgical treatment demonstrates superior efficacy for end-stage KOA,® the associated risks such as incision
infection and deep vein thrombosis make it less suitable for the early stages of KOA.® Modern clinical medical research
confirms that acupuncture for KOA chronic pain significantly improves pain symptoms, knee joint motor function, and
quality of life."”'" The pathogenesis of KOA remains largely unclear. However, recent years have seen researchers
increasingly recognize that abnormal functioning of the central nervous system plays a significant role in the complex
clinical symptoms associated with KOA,'*' and that the regulation of the central nervous system is also an important
central pathway for the analgesic effects of acupuncture.'*'> We therefore posit that acupuncture alleviates KOA chronic
pain through targeted modulation of brain functional activity. Examining central nervous system (CNS) dynamics in
KOA patients will help elucidate the pathogenesis of this disease and reveal central mechanisms underlying acupuncture
efficacy. Blood oxygen-dependent functional magnetic resonance imaging (BOLD-fMRI)'® is a non-invasive brain
functional imaging technology that can provide functional activity information of the whole brain. Its advantages include
high sensitivity, good repeatability, and no radiation harm, and it has been widely used in the study of chronic pain
mechanism.'"'® Independent component analysis (ICA)'® is a data-driven blind source analysis method, which can
effectively avoid the influence of prior assumptions on experimental results. By identifying resting brain networks and
noise components, the observed data were decomposed into independent functional networks, and the connectivity state
of brain networks related to diseases was directly reflected. At present, it has been widely used in studies on functional
connectivity of resting brain networks.?>*' This study takes patients with KOA as the primary research subjects,
conducts acupuncture intervention on them, and compares with placebo acupuncture group and waiting group, using
BOLD-fMRI and independent component analysis (ICA), aiming to explore the central neural modulatory mechanisms
of acupuncture treatment for KOA.

Materials and Methods

Participants

The study was conducted from September 2020 to January 2022 at the Rehabilitation Center of the First Affiliated
Hospital of Henan University of Chinese Medicine in China. The diagnostic criteria for KOA in this study are formulated
with reference to the guidelines for bone and joint Diagnosis and Treatment of the Chinese Medical Association® and the
diagnostic criteria for KOA of the American College of Rheumatology (ACR).>> KOA cases were defined by ICD-10
codes M17.0, M17.1, M17.4, M17.5, and M17.9.

Inclusion criteria of KOA patients: 1) Age 45-75 years old; 2) Meet the diagnostic criteria of knee osteoarthritis,
right-handed; 3) Kellgren-Lawrence knee osteoarthritis radiological diagnostic grading standard grade I-III; 4) Good
compliance. To receive treatment voluntarily and obtain the informed consent of the patient himself or his family.
(Patients can be included if they meet all of the above 4 criteria).

Exclusion criteria: 1) Combined with other knee joint diseases, such as tuberculosis, tumor, rheumatism; 2) Combined
with knee joint contusion or other trauma; 3) Serious cardiovascular disease, liver and kidney function damage, immune
deficiency; 4) Have severe drug and alcohol dependence, mania or schizophrenia; 5) With obvious headache, dysmenor-
rhea and other chronic pain diseases, head trauma history; 6) History of hyaluronic acid or corticosteroid injection within
3 months; 7) Received acupuncture, massage and other treatments within 8 weeks; 8) MRI contraindications, such as
claustrophobia. (Any of the above is excluded).

KOA diagnoses were confirmed by attending physicians (holding qualifications at or above the level of attending
physician in China’s medical certification system) who received study-specific training from our research team.
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Inclusion criteria of healthy subjects: 1) right-handed; 2) Age 45-75 years old; 3) Good physical condition, after
the relevant hospital examination proved that the indicators are normal, no symptoms of KOA; 4) Signed informed
consent without participating in other clinical projects.(Healthy subjects can be included if they meet all of the above 4
criteria).

Exclusion criteria: 1) Pregnant or lactating women; 2) People with symptoms of depression or anxiety, chronic pain
disorders, or a history of head trauma; 3) Individuals with a chronic history of insomnia and indigestion; 4) Addiction
problems, such as smoking, alcoholism; 5) MRI contraindications, such as claustrophobia. (Any of the above is
excluded).

Experimental Design and Sample Size

The sample size calculations for neuroimaging studies differed from those of general randomized controlled trials (RCT).
A review article reported that by searching the PubMed database for English-language articles published between 1995
and 2014 that used neuroimaging techniques to conduct scans on humans, 168 articles were included. The mean sample
size of these studies was 15 cases.>* Additionally, prior fMRI studies demonstrate that 12 to 15 patients per group provide
sufficient statistical power.>>?® Consequently, the study was designed with 15 participants allocated to each group.
Patients with KOA will be divided into three intervention groups, resulting in a total of 45 KOA subjects and 15 healthy
subjects.

The included KOA patients were randomly divided into acupuncture group, placebo acupuncture group and waiting
treatment group according to the ratio of 1:1:1. The acupuncture group underwent 4 courses of acupuncture intervention,
totaling 20 sessions, while the placebo acupuncture group also received 4 courses of acupuncture intervention, amounting
to 20 sessions. The waiting treatment group did not receive any intervention within 4 weeks. Each KOA patient
underwent a BOLD-fMRI scan at baseline before treatment and after 4 weeks of treatment. All subjects were evaluated
before and after the treatment. To explore the effects of different intervention methods on the brain functional
connectivity of KOA patients by ICA and to explore the central mechanism of acupuncture treatment of KOA by
analyzing the correlation between the changes in brain regions with functional connectivity differences and the
improvement of clinical observation indicators.

Masking and Intervention

Using a computer-generated table of random numbers and a light-tight, closed-letter method to hide the randomization
sequence, the researchers divided the KOA subjects into acupuncture, placebo acupuncture, and waiting treatment groups
in a 1:1:1 ratio. Participants in the random assignment did not participate in recruitment, and the grouping was managed
by the leader of the research group. Doctors, evaluators, and subjects were blinded to the grouping status. A single
treatment room was used for blind evaluation, and efficacy was evaluated by a third party. In the data analysis stage, the
principle of separation between the researcher, clinical operator, and statistician was implemented. All statistical analyses
were performed by statisticians who remained blinded to group allocation and treatment assignments. Acupoint selection
scheme of acupuncture group (as shown in Figure 1): Dubi (ST35), Neixiyan (EX-LE4), Yanglingquan (GB34),
Yinlingquan (SP9) and two ashi acupoints (the point where the patient feels most pain) of knee joint. Specific positioning
refers to the positioning standard of the People’s Republic of China national GB/T123446-2006 “Name and Location of
acupointscin 2006. Acupuncture methods: 1) The patient was asked to lie flat and maintain a comfortable position, and
then the skin was disinfected with complexed iodine, and the acupoint was vertically pierced with 21~26mm; 2) After
acupuncture and moxibustion acupuncture into the acupoint to flat-supplement and flat-purgation techniques to “deqi”; 3)
Keep the needle for 30 minutes, and repeat the needle every 10 minutes.In the placebo acupuncture group, the stimulation
points were located at dubi (ST35), Neixiyan (EX-LE4), Yanglingquan (GB34), Yinlingquan (SP9) and two ashi points
1 cm away from the lateral median line of lower limbs. To minimize the effect of comfort acupuncture, acupuncturists are
required to use a sterile needle (Global brand, Suzhou, China, 0.30 mm in diameter, 20 mm length) to leave the needle for
30 min without further injection or manual operation after skin puncture. The waiting treatment group received no
intervention and only received 20 free acupuncture treatments after the trial to thank the patients for their cooperation.
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Yinlingquan
(SP9)

Dubi - Neixiyan
(ST33) (EX-LE4)
Yanglingquan
(GB34)

Figure | Acupoints location.

Clinical Assessment

All participants received standardized guideline-recommended conventional care, including: patient education on knee
osteoarthritis management, lifestyle modification recommendations. This protocol does not recommend that the subjects
receive other physical or medical interventions during the study. If the subject develops sudden severe knee pain,
ibuprofen sustained-release capsules can be taken temporarily, and one capsule (300 mg) can be taken up to two times
a day. (Fenbide, approval number: Sinopremedy H10900089, manufacturer: Sino American Tianjin Schix Pharmaceutical
Co, LTD).

All patients were evaluated for clinical efficacy before and after treatment. Visual Analog Scale?” (VAS), The Western
Ontario and McMaster Universities Osteoarthritis Index®® (WOMAC)and Knee Injury and Osteoarthritis Outcome
Score” (KOOS) evaluated the clinical symptoms of patients. Arthritis quality of life measurement scale simplified
scale Arthritis quality of life measurement scale simplified scale®® (AIMS2-SF) was used to evaluate the quality of life of
patients. Pain symptoms often affect patients’ mood changes, leading to anxiety and depression. To explore the
relationship between emotional changes and functional status of limbic network connectivity in patients with knee
osteoarthritis, the Beck Anxiety Inventory (BAI)’' and Beck Depression Inventory (BDI)*? assessed the emotional and
psychological status of patients with KOA.

fMRI Data Acquisition

The nuclear magnetic data collection of all enrolled KOA patients and healthy subjects was carried out in the nuclear
magnetic resonance room of the First Affiliated Hospital of Henan University of Chinese Medicine. High-resolution
structural and functional images were scanned using Ingenia 3.0 Tesla Magnetic resonance scanner (Philips Medical
System, Best, The Netherlands) and head orthogonal coils. Each KOA patient received a BOLD-fMRI scan at baseline
before treatment and after 4 weeks of treatment.

The patient was placed in the supine position, and a 1270 anti-noise earplug was inserted to reduce the impact of
noise. The head of each participant was fixed using a sponge cushion. The patient was instructed to relax the whole body
during the scan, breathe evenly, keep quiet, do not shake, stay awake and try not to do any thinking. The scanning
sequence included 3DT1 structure image and resting state BOLD-fMRI sequence. 3DT1 structure: Repetition Time (TR):
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7.7ms, Echo Time (ET): 3.8ms, Field of View (FOV): 256 mmx256 mm, imaging Matrix: 256%256, Slice Thickness:
1 mm; The whole brain EPI sequence scan was used in the resting BOLD-fMRI. Scanning parameters: TR/TE2000/
30ms, FOV, 240 mmx»240 mm; scanning matrix, 64x64; Flip Angle (FA), 90°; layer thickness, 5 mm; and layer number,
50 layers.

Data Processing and Analyzing

Statistical Analysis

SPSS26.0 statistical software was used to analyze the data. The counting data were described by the number of
cases (n), and the measurement data were expressed as the mean + standard deviation (+s). All statistical tests
were conducted using a bilateral test; the test level was 0=0.05, and the difference was considered statistically
significant when p<0.05. The main analysis contents were as follows: 1) Characteristics; 2) Clinical efficacy
analysis. The total score and sub-dimension scores of clinical evaluation indicators before and after intervention in
each group were compared to verify and evaluate the clinical efficacy of acupuncture in the treatment of
KOA. 3) Inter-group efficacy analysis: The non-parametric Kruskal-Wallis rank sum test was used to compare
the total score of clinical evaluation indicators and the difference in sub-dimension scores between the three
groups before and after intervention, that is, the difference in scale scores between the three groups before and
after intervention.

BOLD-fMRI Data Analysis

The processing and analysis of magnetic resonance imaging data were carried out using Matlab2018 (MathWorks, Inc.
USA) platform. Using the Matlab2018 platform and the auxiliary tool software Resting-State fMRI Data Analysis
Toolkit plus (RESTplus) based on the SPM12 software system, the magnetic resonance imaging data were pre-processed.
The specific steps are as follows: 1) Format conversion: convert fMRI data files in original DICOM format into NIFTI
format that can be recognized by software; 2) Eliminate the data of the first 10 time points; 3) Slice Timing; 4) Head
motion correction: the data of subjects whose head motion range exceeds 3 mm and rotation angle exceeds 3° are
excluded in this test; 5) spatial normalization, the corrected image is registered to the standard spatial template of the
Montreal Neurological Institute (MNI) with the standard segmentation of 3mmx3mmXx3mm; 6) Smooth, using 6 mm full
width and half height Gaussian kernel function to smooth the data to enhance the normality of the data and facilitate
statistical analysis.

Independent Component Analysis (ICA)
This study used GIFT software based on Matlab2018 platform (http://mialab.mrn.org/software/gift), independent
component analysis (ICA), the horizontal space is independent component analysis (Group - ICA) to identify brain

resting state networks. First, 36 independent components are estimated according to the minimum description length
criterion, and the number of components is set. Then, through principal component analysis (PCA) dimensionality
reduction, the ICASSO operation method was used to repeat the calculation 50 times to obtain the reconstructed
independent components and their time series. After component identification using the YeoRSN template, ingre-
dients with a high coincidence were selected by the naked eye. Finally, the 4D NIfTI files of each subject were
converted into 3D NIfTI files using the SPM 12 software, and the same components were extracted for statistical
analysis.

Correlation Analysis

The different brain regions between KOA patients and healthy subjects were selected as regions of interest (ROI), and the
Extract ROI Signals function in RESTplus software was used to extract the corresponding ROI signal values of each
subject before and after treatment. Calculate the difference between the signal values before and after processing.
Pearson’s correlation analysis was conducted between the signal difference corresponding to the ROI and the difference
between clinical evaluation indicators using SPSS 26.0. p<0.05 was considered to be correlated, and r value represented
the degree of correlation. A scatter plot was constructed using GraphPad 8.0.
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Results
Baseline Characteristics

A total of 72 KOA patients were enrolled in the trial, and 45 eligible KOA patients were eventually admitted. By
December 2022, 15 healthy subjects had completed one BOLD-fMRI scan and 45 KOA patients (15 in the acupuncture
group, 15 in the placebo acupuncture group, and 15 in the waiting group) had completed two BOLD-fMRI scans (at

baseline and four weeks after the intervention), compliance was 100%, and no adverse events occurred, as illustrated in

Figure 2. There were no statistical differences between KOA patients and healthy subjects in terms of age, sex, height,

weight, body mass index, and other demographic characteristics (p >0.05), and the clinical data of the two groups were

comparable, as shown in Table 1. There were no significant differences in the VAS scale, WOMAC total score and its

subscales, KOOS total score and its subscales, AIMS2-SF scale, Beck Anxiety Inventory score, Beck Depression

Inventory score, and demographic characteristics such as age, sex, height, weight, and body mass index among the
three groups of KOA patients at baseline (p >0.05), which are comparable, as shown in Tables 2 and 3.

Recruitment and Screening(n=73)

27 excluded

14 did not meet the inclusion criteria
13 meet the exclusion criteria

Randomization(n=45)

Acupuncture group Placebo acupuncture Waiting group
(n=15) group (n=15) (n=15)
4
Baseline assessment and fMRI scan
(week:0)

Separate intervention for four weeks

¥ Dropout(n=0)

Outcomes assessment and
fMRIsean(week:4)

Analysis(n=45)

Figure 2 Flowchart of screening, enrollment, randomization, and treatment.
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Table | Comparison of General Demographic Characteristics Between KOA Patients and
Healthy Subjects (¥ £ s)

Variable KOA patients (n=45) | Healthy subjects (n=15) | Statistical value P

Age (years) 57.16+7.82 59.67+7.53 t=0.043 0.837
Gender (M/F) n 10/35 3/12 x?=0.033 0.856
Height(cm)* 162.16+6.05 160.87+4.99 Z=-0910 0.363
Weight(kg) 63.96+9.04 66.33+10.30 t=0.273 0.603
BMI (kg/m2)* 24.37+3.58 25.57+3.34 Z=—1427 0.154

Notes: Count data was analyzed using the chi-square test; and continuous data was analyzed using the two-sample t-test.
An asterisk (*) indicates that the data does not meet the normal distribution, and the non-parametric Mann-Whitney
U rank sum test was used instead.
Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared);M/FMale or

Female.

Table 2 Comparison of General Demographic Data of the Three Groups of Subjects (¥ £ s)

Variable Acupuncture group | Placebo acupuncture group (n= 15) | Waiting group | Statistical value p
(n=15) (n=15)

Age (years) 57. 13+8.69 58.53+8.08 55.07+6.88 F=0.727 0.489
Gender (M/F) n 4/11 3/12 4/11 x2=0.241 0.887
Height(cm)* 161.73£7.41 161.53+5.69 163.40+6.48 H=0.806 0.668
Weight(kg) 62.47+9.78 65.53+10.01 65.4619.20 F=0.492 0.615
BMI (kg/m2)* 23.94+3.99 25. 10+3.50 24.57+3.57 H= 1.242 0.537
Duration(month)* 79.20+73.71 62. 13£29.52 56.47+34.99 H=0.311 0.856

Notes:Counting data using chi-square test; One-way analysis of variance was used for measurement data. * indicated that the data did not conform to normality,
and non-parametric Kruskal-Wallis rank sum test was used.
Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); M/F, Male or Female.

Table 3 Comparison of Clinical Evaluation Indicators in Three Groups of KOA Patients at Baseline (¥ £ s)

Variable Acupuncture PLACEBO acupuncture group Waiting Statistical P
Group (n=15) Group Value
(n=15) (n=15)
VAS total score 5.38+0.22 5.57£1.10 5.67£1.05 F=0.316 0.731
WOMAC total score* 45.09+23.02 45.96+26.62 54.56+26.45 H=0.110 0.740
Pain dimension score 11.26+4.91 11.42+6.51 13.73+7.40 F=0.711 0.497
Rigid dimension score* 3.86+4.05 3.91+3.76 3.57+4.00 H=0.053 0.818
Daily activity dimension score* 29.97+15.18 29.90+18.44 37.35%£19.44 H=0.520 0.820
KOOS total score 121.73+21.81 123.60+15.74 117.80+18.22 F=0.374 0.690
Symptom dimension score 14.73+2.81 14.67+2.94 13.73+2.84 F=0.570 0.570
Rigid dimension score* 6. 13x1.51 5.93%1.16 5.80%1.46 F=0.191 0.827
Pain dimension score 25.20£5.37 26.80£3.75 25.73%+4.22 F=0.212 0.810
Functional dimension score* 56.60+7.56 57.20+5.92 55.20%7.12 H=0.332 0.720
Higher activity dimension score 9.80+6.09 10.93+4.04 9.47+4.42 F=0.365 0.697
Quality of Life Dimension Score 8.27+1.44 8.07%1.67 7.87%1.41 F=0.264 0.770
AIMS2-SF total score* 87.20+8.23 91.07+5.34 88. 13+5.26 H=1.725 0.189
Beck anxiety inventory total score* 24.07+£3.28 24.07+£3.37 23.27£2.52 H=0.110 0916
Beck depression inventory total score* 3.60+3.72 4.27+3.98 4.80+4.55 H=0.233 0.629
Notes: * indicates that the data does not meet the normal distribution and the non-parametric Kruskal-Wallis rank sum test is used.
Journal of Pain Research 2025:18 https: 3771
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Table 4 Comparison of the Difference in Clinical Evaluation Indicators Between the Three Groups of KOA Patients Before and After
Intervention (X &£ s)

Variable Acupuncture Placebo Acupuncture Group Waiting Statistical P

Group (n=15) Group value H

(n=15) (n=15)
VAS total score 3.39+0.26 0.84+0.22 —0.05+0.04 33.868 <0.001
WOMAC total score* 29.81+15.73 11.05+19.56 —0.43+1.545 24.869 <0.001
Pain dimension score 7.93+4.64 2.59+4.29 —0.10+0.60 27.475 <0.001
Rigid dimension score* 3.09+3.42 1.60£2.81 —0.19+0.78 8.055 0.018
Daily activity dimension score* 18.79+8.89 6.39£16.38 —0.02+0.084 23.803 <0.001
KOOS total score —17.93x14.12 —0.47+8.48 0.13+2.23 19.262 <0.001
Symptom dimension score —2.00£2.59 0. 13+2.67 —0.67+0.26 6.893 0.032
Rigid dimension score* — 1.00x1.25 —0.27£2.55 —0.07+0.46 6.382 0.041
Pain dimension score —4.33%5.19 —0.27£2.37 0.00+0.53 14.984 0.001
Functional dimension score* —5.67+4.55 —1.07+4.09 —0.47%1.55 15.241 <0.001
Higher activity dimension score —3.27+4.17 0.67+2.77 0.27x1.16 10.483 0.005
Quality of Life Dimension Score — 1.67+1.84 0.33+1.84 0.47+1.41 15.163 0.001
AIMS2-SF total score* —6.60£6.20 0.33£3.83 —0.13+1.64 14.187 0.001
Beck anxiety inventory total score* 1.87+3.42 0.73+2.40 —0.40£1.06 6.890 0.032
Beck depression inventory total score* 0.40+2.03 0.80+2.93 —0.33+£0.90 1416 0.493

Notes: Non-parametric Kruskal-Wallis rank sum test was used.

Clinical Outcomes

The change in the clinical efficacy index score in the acupuncture group was much greater than that in the placebo
acupuncture group and waiting treatment group, with statistical significance (p<0.05), while the improvement in Beck
depression score in the acupuncture group, placebo acupuncture group, and waiting treatment group were not statistically
different (p>0.05). See Table 4 for details.

ICA Analysis

Compared with healthy subjects, KOA patients showed decreased functional connectivity in the limbic network,
including the right temporal pole, right parahippocampal gyrus, right hippocampus, bilateral anterior cingulate gyrus,
right amygdala, right orbital part of the inferior frontal gyrus, and bilateral medial and paracingulate gyrus. See Table 5,
Figure 3 for details.

Acupuncture group: After treatment, the functional connections of the limbic network in KOA patients increased in
the following areas: bilateral anterior cingulate gyrus, right lenticular putamen, right amygdala, right temporal pole, right
hippocampus, right pallidus, right parahippocampal gyrus, and right caudate nucleus. See Table 6, Figure 4 for details.

Placebo acupuncture group: After intervention, the functional connections of the limbic network in KOA patients
increased, and the functional connections increased in the regions of the right lenticular putamen and the right pallidus,
and no regions with reduced functional connections were found. See Table 7, Figure 5 for details.

Correlation Analysis

The correlation between the signal difference of the altered brain area before and after acupuncture intervention and the
improvement in the clinical evaluation index and its sub-dimension score was analyzed. The results showed that there
was a significant negative correlation between the left anterior cingulate gyrus and WOMAC stiffness dimension score,
the right lenticular putamen and WOMAC pain dimension score, the right amygdala and KOOS and KOOS pain
dimension scores, and the right temporal pole and KOOS symptom dimension score. The right anterior cingulate
gyrus was negatively correlated with the WOMAC score, right hippocampus was negatively correlated with the
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Table 5 Brain Regions Where the Network Functional Connectivity in KOA Patients Is Lower Than in Healthy

Subjects
Brain Region Side | MNI Coordinates | Brodmman Subdivision t Cluster
Size
X y z
Temporal pole R 44 9 -33 20 -3.17 60
Parahippocampal gyrus R 19 | —24 28 -3.12 38
Hippocampus R 35| —-16 | —14 20 -3.21 36
Anterior cingulate gyrus L -5 12 29 24 -2.34 29
Anterior cingulate gyrus R 5 14 27 24 —2.83 28
Median cingulate and paracingulate gyri R 5 31 24 2.7 25
Amygdala R 20 | - 16 34 -2.74 17
Orbital part of the inferior frontal gyrus R 28 26 =21 47 -3.31 13
Medial and paracingulate gyri L —4 7 34 24 -2.23 10

Notes: Two independent sample t-tests were conducted with GRF correction, and the statistical threshold was set at voxel level P=0.05, cluster

level P=0.05, and cluster size=10.

Abbreviations: R, right; L, left; MNI, Montreal neurological institute.

KOOS pain dimension score, and right hippocampus was negatively correlated with the KOOS functional dimension
score (p<0.05). See Table 8 and Figure 6 for details.
In the placebo acupuncture group, the signal difference in the brain areas with functional connection changes before

and after intervention, including the right lenticulum putamina and the right pallidus, was correlated with the improve-

ment in clinical evaluation indexes such as VAS, WOMAC, and KOOS. The results showed that there was a significant

- : v
ORBinf.R

Figure 3 KOA patients had lower functional connectivity in the limbic network than healthy subjects.
Abbreviations: TP, Temporal pole; PHG, Parahippocampal gyrus; HIP, Hippocampus; ACC, Anterior cingulate gyrus; DCG, Median cingulate and paracingulate gyri; AMYG,

Amygdala; ORBinf, Inferior frontal gyrus, orbital part; R, right; L, left.
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Table 6 Brain Regions with Elevated Limbic Network Functional Connections in Patients with KOA in
the Acupuncture Group

Brain Region Side | MNI Coordinates | BRODMMAN subdivision t Cluster
Size
X y z
Anterior cingulate gyrus L il 14 30 24 2.16 45
Lenticular nucleus, putamen R 26 | 2 5 48 3.05 40
Amygdala R 30 3 -21 32 2.99 33
Temporal pole R 29 10 —24 38 2.94 32
Anterior cingulate gyrus R 4 24 28 24 2.67 28
Hippocampus R 29 -8 | — 14 20 2.55 26
Lenticular nucleus, pallidum R 20 3 8 — 3.31 21
Parahippocampal gyrus R 2 5 31 38 3.33 15
Caudate nucleus R 5 19 4 — 227 10

Notes: Paired sample t test was used and GRF correction was performed. The statistical threshold was voxel level P=0.05, cluster
level P=0.05, cluster size=10.
Abbreviations: R, right; L, left; MNI, Montreal neurological institute.

negative correlation between the right lenticular putamen and the total KOOS score and between the right pallidus and
WOMAC pain score (p<0.05). Further details are provided in Table 9 and Figure 7.

Discussion
In recent years, the incidence of KOA has increased significantly, and the related medical costs have also increased
significantly, bringing a huge social and economic burden. At present, the treatment of KOA mainly includes drug

Figure 4 After acupuncture intervention, the functional connections of the limbic network in KOA patients increased.
Abbreviations: ACC, Anterior cingulate gyrus; PUT, Lenticular nucleus, putamen; AMYG, Amygdala; TP, Temporal pole; HIP, Hippocampus; PAL, Lenticular nucleus,
pallidum; PHG, arahippocampal gyrus; CAU, Caudate nucleus; R, right; L, left.
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Table 7 Brain Regions with Elevated Functional Connectivity of the Resting Limbic Network in
KOA Patients in the Placebo Acupuncture Group

Brain Region Side | MNI Coordinates | Brodmman Subdivision t Cluster Size
x y z

Lenticular putamen R 29 -2 il 48 3.00 30

Globus pallidum R 23 -5 -2 — 2.77 12

Abbreviations: R, right; L, left; MNI, Montreal neurological institute.

therapy (Non-steroidal anti-inflammatory drugs,NSAIDs) and surgical treatment, but the use of NSAIDs is often
accompanied by cardiovascular thrombotic events of different degrees and gastrointestinal and digestive complications
and other side effects.” While surgical treatment demonstrates excellent long-term outcomes for end-stage KOA,® risks
such as surgical site infection and deep vein thrombosis® render it less ideal for early-stage KOA patients. These
inevitable side effects and complications make the clinical treatment of KOA a great challenge. In recent years, many
scholars have conducted a large number of randomized controlled trials, most of which show that acupuncture is safe and
effective in treating KOA.**7 Compared with traditional oral NSAIDs, acupuncture therapy for KOA also has the
advantages of low risk and low cost.’® At present, it is believed that a variety of factors such as immune inflammatory
response,”’ joint injury*® and endocrine system disorder*' may cause KOA. However, the complex pathogenesis of
KOA is not completely clear, and the simple peripheral mechanism of action cannot fully explain the scientific
connotation of acupuncture treatment of KOA. Therefore, the purpose of this study was to investigate the central
mechanism of acupuncture treatment of KOA. Limbic network is an important resting state functional network associated
with chronic pain. Its important components include hippocampus, parahippocampal gyrus, entorhinal area, cingulate
gyrus, orbitofrontal cortex, temporal pole, striatum, nucleus accumbens and amygdala.

Studies have shown that patients with chronic pain have functional abnormalities in several brain regions related to
limbic network, including the prefrontal cortex, hippocampus, amygdala and nucleus accumbens, which are responsible
for pain, reward, emotion, memory and other functions.** In addition, the volume of gray matter in nucleus accumbens of
trigeminal neuralgia patients was significantly lower than that of healthy controls.*> The degree of pain in patients with
chronic low back pain is positively correlated with the functional connectivity between the amygdala and the executive
control network.** These studies suggest that chronic pain can disrupt the structure and function of the limbic network
through constant nociceptive stimulation. In addition, chronic pain may also involve the reinforcement learning of
negative emotions and the dysfunction of the reward system, and the limbic network responsible for emotional
motivation, learning memory and reward function also plays a crucial role in this process.*’ In this study, we investigated
the differences in functional connectivity between 45 KOA patients and 15 healthy subjects at rest, and found that
functional connectivity in the limbic network brain regions: right temporal pole, right parahippocampal gyrus, right

Figure 5 Functional connectivity of limbic network increased in KOA patients after placebo acupuncture intervention.
Abbreviations: PUT, Lenticular nucleus, putamen; PAL, Lenticular nucleus, pallidum; R, right; L, left.
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Table 8 Correlation Between Functional Connection Changes of Edge Network and
Clinical Evaluation Scale in KOA Patients Before and After Acupuncture

AAL Anatomical Partition | Side | Clinical Efficacy Assessment r P
Scale

Anterior cingulate gyrus L WOMAC Stiffness score —0.592 | 0.026
Lenticular nucleus, putamen R WOMAC pain score 0.545 | 0.044
Amygdala R KOOS score 0.581 | 0.029
Amygdala R KOOS pain score 0.746 | 0.002
Temporal pole R KOOS symptom score 0.613 | 0.020
Anterior cingulate gyrus R WOMAC score —0.571 | 0.005
Hippocampus R KOOS pain score —0.647 | 0.008
Parahippocampal gyrus R KOOS functional score —0.670 | 0.009

Abbreviations: R, right; L, left; ALL, Anatomical Automatic Labeling.

hippocampus, bilateral anterior cingulate gyrus, right amygdala, right orbital part of the inferior frontal gyrus, bilateral
medial and paracingulate gyrus was significantly reduced in KOA patients. In the limbic network of KOA chronic pain

4647 and the parahippocampal gyrus*® can regulate pain, cognition, attention and emotion.The

patients, the temporal pole
hippocampus is an important component of the limbic network involved in the encoding of pain and long-term memory
of pain and pain-related emotions.**** The anterior cingulate gyrus™ is a key brain region for pain perception, emotion,
and pain cognitive integration. The amygdala can regulate the perception and cognition of emotional disorders such as
fear, anxiety and depression as well as pain.”' The orbitofrontal gyrus is involved in pain transmission and also regulates
pain.>? Therefore, we believe that the abnormal functional connectivity of the limbic network is the central pathological
change of KOA chronic pain.

Many studies have shown®'**** that functional networks are involved in the pathogenesis of chronic pain, and the
regulation of functional networks is also an important way for acupuncture to exert analgesic effects. Therefore, we
divided the KOA patients into three groups for the intervention. After acupuncture intervention, functional connections of
the bilateral anterior cingulate gyrus, right lenticular putamen, right amygdala, right temporal pole, right hippocampus,
right pallidus, right parahippocampal gyrus, and right caudate fringe network in KOA patients were significantly

enhanced.
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Figure 6 Correlation between functional connection changes and clinical evaluation indicators in patients with KOA after acupuncture.
Abbreviations: TP, Temporal pole; PHG, Parahippocampal gyrus; HIP, Hippocampus; ACC, Anterior cingulate gyrus; AMYG, Amygdala; PUT, Lenticular nucleus, putamen;
R, right; L, left.
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Table 9 Correlation Between Functional Connectivity Changes of Reward System and
Clinical Evaluation Scale in KOA Patients After Placebo Acupuncture

AAL Anatomical Partition | Side | Clinical Efficacy Assessment Scale r P
Lenticular nucleus, putamen R KOOS score —0.697 | 0.006
Lenticular nucleus, pallidum R WOMAC pain score 0.658 | 0.008

Abbreviations: R, right; L, left; ALL, Anatomical Automatic Labeling.

The lentiform putamen and pallidum constitute the lentiform nucleus, and together with the caudate nucleus constitute
the striatum, which plays an important role in the brain’s reward, pleasure, addiction, fear, and placebo effect.>
Combined with the role of these brain regions in chronic pain, we speculated that acupuncture may be the key to the
therapeutic effect of acupuncture on functional brain regions related to pain processing and emotional cognition in KOA
patients with chronic pain, including the anterior cingulate gyrus, amygdala, temporal pole, hippocampus, and para-
hippocampal gyrus. Acupuncture may have a placebo effect in regulating brain regions related to reward mechanisms,
such as the lenticular putamen and pallidum. Moreover, there was a high correlation between the functional connectivity
of the limbic network and the improvement of clinical indicators, such as clinical symptoms, joint function, quality of
life, and emotional cognition, in the acupuncture group. However, after the placebo acupuncture intervention in KOA
patients, changes in limbic network functional connectivity occurred only in brain regions associated with reward, and
these changes were only correlated with the subjective perception of pain and stiffness. Once again, acupuncture can
regulate the functional connectivity of the limbic network of KOA patients through concentrated targeting and may
improve patients’ clinical symptoms, joint function, quality of life, and emotional cognition. Placebo acupuncture can
only change KOA patients’ subjective feelings of pain and stiffness through reward effects but cannot improve their joint
function, quality of life, and emotional cognition.

Based on the results of this study, we hypothesized that acupuncture may regulate pain processing and emotional
cognition in patients with chronic KOA pain through the anterior cingulate gyrus, amygdala, temporal pole, hippocam-
pus, and parahippocampal gyrus; exert a therapeutic effect on KOA treatment; and exert a placebo effect on KOA
treatment through the reward effect on the regulation of the lenticular putamen and pallidus.

This study focused on the resting state function network to explore the central etiology and pathogenesis of chronic
pain in patients with KOA and to explore the central mechanisms of acupuncture treatment of KOA. In contrast to
previous local analysis methods such as whole-brain low-frequency amplitude, local consistency, and whole brain voxel
analysis, the independent component analysis adopted in this study focuses more on the observation of brain functional
networks. Compared with functional connection analysis based on seed points, independent component analysis does not
require prior assumptions and can make the research results more objective and scientific. The study design was different
from the comfort acupuncture design used in the previous acupuncture treatment of KOA. In previous studies,
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Figure 7 Correlation between functional connection changes and clinical evaluation indicators in KOA patients after placebo acupuncture.
Abbreviations: PUT, Lenticular nucleus, putamen; PAL, Lenticular nucleus, pallidum; R, right; L, left.
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researchers only selected non-meridian and non-acuesthesia as the control group, without considering the acupuncture
dose and “deqi” effects, ignoring the placebo effect of acupuncture on the treatment of KOA. In the design of comfort
acupuncture, in addition to considering the selection of stimulation points in the comfort acupuncture group, the
operation of comfort acupuncture was optimized, which greatly reduced the therapeutic effect of acupuncture in the
comfort acupuncture group.

However, the restricted number of eligible participants in this study imposes inherent limitations on the findings.
Furthermore, the absence of multiple comparison correction may introduce bias into the results. As these findings
represent a preliminary stage of discovery, further studies are required for validation.

Conclusion

Reduced functional connectivity across multiple regions of the limbic network represents a key central pathological
feature in knee osteoarthritis (KOA). Focal neuromodulation targeting these aberrant limbic connectivity patterns
likely constitutes a primary central mechanism of acupuncture efficacy. In contrast, placebo acupuncture exerts its
placebo effects primarily through engagement of the reward circuitry. Owing to the modest cohort and exploratory
status of this research, future validation through adequately powered studies with rigorous statistical designs is
imperative.
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