Journal of Pain Research Dovepress
Taylor & Francis Group

STUDY PROTOCOL

Al-Assisted Knee Infrared Imaging Based
Acupuncture for Treating Knee Osteoarthritis:
A Randomized Controlled Study Protocol

Muyun Yang"*, Fengxi Qiuz’*, Xianfei Xie3, Lin Tao3, Weihong Zheng4, Yufeng Wu4, Zhaohong Xus,
Yan Xue 2, Yuelong Cao !

!Characteristic Diagnosis and Treatment Technology Research Institution, Shuguang Hospital Affiliated to Shanghai University of Traditional Chinese
Medicine, Shanghai, People’s Republic of China; 2Department of Traditional Chinese Medicine, Shanghai Yangzhi Rehabilitation Hospital (Shanghai
Sunshine Rehabilitation Center), Shanghai, People’s Republic of China; 3Department of Orthopedics Ruijin Hospital, Shanghai JiaoTong University
School of Medicine, Shanghai, People’s Republic of China; “Department of Orthopedics, Zhongshan Hospital of Traditional Chinese Medicine,
Guangdong, People’s Republic of China; *School of Artificial Intelligence and Application, Shanghai Urban Construction Vocational College, Shanghai,
People’s Republic of China

*These authors contributed equally to this work

Correspondence: Yan Xue; Yuelong Cao, Email joycexy | 103@ |63.com; ningtem@ |26.com

Background: The variability in acupoint selection limits the standardization of acupuncture for knee osteoarthritis (KOA) and is one
of the important factors affecting treatment efficacy. Recent advancements in artificial intelligence (Al) and infrared imaging provide
opportunities to enhance the precision and standardization of acupuncture.

Methods: This multicenter, single-blind, randomized controlled trial aims to evaluate whether Al-assisted personalized acupuncture is
superior to traditional acupuncture and sham acupuncture in alleviating pain and improving joint function in patients with KOA.
A total of 120 participants will be recruited from four hospitals in China and randomly assigned to three groups: the specific acupoint
group (n=40), the conventional acupoint group (n=40), and the sham acupuncture group (n=40). All groups will receive acupuncture
treatment twice a week for 8 weeks, with a total of 16 sessions. Outcome assessments will be conducted at baseline, week 8, and week
12. The Al system utilizes infrared imaging to identify heat-sensitive knee surface areas, and generates individualized acupoint
prescriptions through internal decision analysis.

Discussion: The primary outcomes are knee pain (Numeric Rating Scale, NRS) and function (WOMAC subscale). Secondary
outcomes include knee pain and stiffness (Western Ontario and McMaster Universities Osteoarthritis Index subscale, WOMAC
subscale), quality of life (Short Form 12, SF-12), knee range of motion, Traditional Chinese Medicine (TCM) clinical efficacy, and
inflammatory indicators (IL-1p, IL-6, and TNF-a). This trial is expected to provide high-quality evidence for the clinical value and
standardization of Al-assisted acupuncture.

Trial Registration: This study has been registered with the Chinese Clinical Trial Registry (ChiCTR2400087106, July 19, 2024).
Keywords: knee osteoarthritis, koa, acupuncture, artificial intelligence, Al, infrared imaging

Background
Knee osteoarthritis (KOA) is a chronic degenerative joint disease characterized by the progressive deterioration of
articular cartilage, resulting in pain, stiffness, and functional impairment.' Epidemiological studies indicate that the
prevalence of KOA increases significantly with age, affecting approximately 10% of men and 13% of women aged 60
years and older.” This condition not only imposes significant limitations on physical function but also severely impacts
quality of life, increases healthcare utilization, and poses a substantial economic burden.

Acupuncture, a cornerstone of Traditional Chinese Medicine (TCM), has been practiced for centuries and is
widely used to alleviate pain and improve functional outcomes in patients with KOA.>™® Its therapeutic mechanism
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involves the insertion of fine needles into specific acupoints, which are believed to stimulate the body’s natural
healing processes and restore energy balance.” Numerous studies®® have demonstrated the efficacy of acupuncture
in reducing pain and improving joint function, with proposed mechanisms including the release of endogenous
opioids, modulation of inflammatory pathways,'® and enhancement of local blood circulation. Despite its promising
therapeutic effects, the variability in acupoint selection remains a significant limitation to its widespread
application.

Traditional acupoint selection is predominantly based on the practitioner’s experience and TCM theoretical frame-
work, leading to substantial individual variability and a lack of standardization.''"'> Evidence suggests that the effec-
tiveness of acupuncture largely depends on the acupoints selected; however, the lack of reproducibility undermines the
understanding of the therapeutic potential of acupuncture.'?

In current acupuncture trials, acupoint selection for KOA can be categorized into local points, distal points, and
combined approaches.'* Local points, such as Liangqiu (ST34), Zusanli (ST36), Neixiyan (EX-LE5), Dubi (ST35),
Yinlingquan (SP9), Xuehai (SP10), and Yanglingquan (GB34),'” target localized symptoms like pain and stiffness around
the knee joint. Distal points, such as Quchi (LI11), are selected based on the meridian theory to address systemic
symptoms indirectly.'® Combined approaches integrate local and distal acupoints to treat both localized and systemic
symptoms.'’ In summary, these methods, are commonly based on empirical practice and traditional theories, lacking of
scientific rigor and broad applicability.'®

According to TCM, acupoints associated with specific conditions may exhibit sensitization, characterized by localized
changes such as increased skin temperature, redness, swelling, or tenderness.'®* Sensitized acupoints are thought to
reflect underlying pathological changes, providing a potential basis for personalized acupoint selection. In previous work
by our research team, infrared thermography was employed to study KOA patients, revealing that localized skin
temperature patterns are closely related to clinical symptoms and inflammatory markers. These findings provided an
objective foundation for developing individualized acupuncture protocols.?!

In recent years, advancements in artificial intelligence (Al) have created new opportunities in precision medicine. By
integrating Al algorithms with infrared imaging technology, it is possible to significantly enhance the standardization and
personalization of acupuncture treatments. Portable devices equipped with infrared cameras can rapidly generate
personalized acupoint selection protocols based on patients’ thermal profiles, addressing the limitations of traditional
methods such as subjectivity and variability. This approach has the potential to offer more consistent and effective
treatment options, improving clinical outcomes.?

This study aims to evaluate the effectiveness of Al-assisted acupoint selection based on and infrared image compared
with traditional experience-based methods for treating KOA, laying the groundwork for the standardization and
optimization of acupuncture practices and paving the way for broader clinical applications.

Method and Analysis

Study Design

This study is a multi-center, randomized, sham-controlled, parallel, participant- and assessor-blinded clinical trial. The
study will be conducted simultaneously at four hospitals: Shanghai Yangzhi Rehabilitation Hospital (Shanghai Sunshine
Rehabilitation Center), Shuguang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, Hainan
Branch of Ruijin Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, and Zhongshan Hospital of
Traditional Chinese Medicine. The trial is registered with the Chinese Clinical Trial Registry (ChiCTR2400087106).
Figure 1 presents the flowchart for the trial process, while Table 1 details the schedule for enrollment, treatment, and
assessment. Participants will be recruited through hospital outpatient clinics, community education campaigns, and
online advertisements. Recruitment posters and brochures will be displayed in relevant departments such as orthopedics
and traditional Chinese medicine. Interested individuals may contact the research team directly using the information
provided in the materials, or be followed up by the study coordinator based on registration records to confirm eligibility

and complete the screening process.
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Figure | Flow chart of the study.
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Only patients who meet all of the following criteria will be recruited: (1) Meeting the clinical diagnostic criteria for KOA
as defined by the American College of Rheumatology (ACR);** (2) Age 50 years or older; (3) Knee pain lasting more
than 3 months; (4) NRS pain score of 4 or higher out of 10; (5) Radiologic confirmation of KOA, classified as Kellgren-

Lawrence grade II or II1.%°

Table | Study Design Schedule

Period Screening Evaluation and Treatment | Follow-Up
Week 0 [ 8 12
Obtain informed consent X
Review inclusion/Exclusion criteria X
Randomization X
(Continued)
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Table 1 (Continued).

Period Screening Evaluation and Treatment | Follow-Up

Capture and program generation by Al machine

Demographic information'

Vital signs

Comorbidities and comorbidity treatment?

Concomitant medication usage®

. - 4
Previous acupuncture experience

Knee pain (NRS) and function (WOMAC subscale)

Knee pain and stiffness (WOMAC subscale)

Quality of life (SF-12)

Knee range of motion (ROM)

X | X | X | X|X

TCM Clinical Efficacy

Inflammatory indicators (IL-1p, IL-6 and TNF-o)

Adverse Events (AEs) and Serious Adverse Events (SAEs)

X | X[X|[X|X|X[X|X]|X|X|[X]|X]|X]|X

X [ X[ X | X | X | X|X|X

Complications

' Demographic information: Gender, age, ethnicity, height, and weight.

2 Comorbidities and comorbidity treatment: document the treatment history for diseases within the past year.

3 Concomitant medication usage: record the use of concomitant medications within the three months prior to treatment.

* Previous acupuncture experience: documented at baseline using a brief questionnaire to assess potential bias related to treatment familiarity.

Note: Schedule of enrollment, interventions, and assessments based on SPIRIT2013 statement>>

Exclusion Criteria

Patients meeting any of the following criteria will not be eligible for inclusion: (1) History of systemic arthritis; (2) Have
had knee surgery or are awaiting knee surgery; (3) Any other condition that affects the function of the lower extremities
(eg, trauma, malignant tumors, neurological disorders); (4) Have received any knee injections (eg, adrenocorticotropic
hormone, hyaluronic acid) within the past 6 months; (5) Current use of oral or injectable anticoagulant medications; (6)
Used acupuncture therapy within the past 3 months; (7) Have any bleeding disorders. (8) Referred to a pain clinic or use
of morphine or pethidine within the last 6 months; (9) Any other medical condition that makes them unsuitable for
participation in a clinical trial (eg, kidney or liver disease, deep vein thrombosis); (10) Unable to provide written

informed consent.

Discontinuation Criteria and Modification

During the trial, patients with KOA who meet any of the following criteria will be excluded from the study: (1) violation
of the study protocol, such as taking the unauthorized types of analgesics without approval or receiving additional
treatments that could interfere with the effectiveness of acupuncture; (2) withdrawal of consent to participate, indicating
the patient no longer wishes to continue in the study; (3) missing more than 4 out of the 16 scheduled acupuncture
sessions; or (4) the occurrence of a serious adverse event that, in the opinion of the medical team, warrants discontinua-
tion of the patient’s participation.
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Random Allocation

Eligible participants will be randomly assigned to three groups in a 1:1:1 ratio. An independent researcher, who is not
involved in the trial, will generate the randomization sequence using SAS version 9.4, stratified by enrolling hospitals
with random block sizes of 6. The randomization scheme is concealed using opaque envelopes, each labeled with
a unique code and sealed before being handed over to the researchers for safekeeping. After a participant has met all
selection criteria, signed the informed consent form,?® and completed the baseline assessments, the evaluator informs the
acupuncturists. The acupuncturists will open the envelope according to the participant’s screening sequence number and
then assign the participant to one of the three groups: the Al-assisted personalized acupoint group, the conventional
acupuncture group, and the sham acupuncture group.

Blinding

In this study, acupuncturists providing the treatment are unable to be blinded; they are fully aware of the treatment
allocation to ensure proper administration according to the assigned group. However, participants in the study are
blinded, and the outcome assessors and statisticians are completely unaware of the randomization and do not participate
in the treatment process. To ensure effective blinding, participants will be treated in separate rooms to prevent
communication regarding their treatment protocols. Furthermore, all participants underwent the capture and Al program
generation before treatment, regardless of whether they were in the conventional or sham group. From the patient’s point
of view, they all accepted the acupuncture treatment plan provided by the machine after evaluation. Therefore, it was
impossible to distinguish which acupoints were used in treatment or sham control. Acupuncturists will not disclose any
information about the treatment programs to the participants. Group assignments will remain concealed from both
outcome assessors and data analysts. Unblinding will only occur after the completion of data analysis. In the data
summary stage, the three separation principles of researcher, operator, and statisticians will be implemented.

Sample Size

We aim to detect a minimal clinically important difference (MCID) of 6 units in the WOMAC function (0-68 scale)?’
and 1.8 units in the NRS pain score (010 scale).”® Based on previous clinical data,”” we expect a standard deviation of
12.0 for function and 3.0 for pain. ANCOVA (Analysis of Covariance) will be used, assuming baseline-to-12-week
correlations of 0.70 for function and 0.50 for pain. To detect a 6-unit difference in function with 90% power at a two-
sided alpha of 0.05, 32 participants per group are required. This sample size also provides 85.8% power to detect
a 1.8-unit change in pain. Allowing for a 20% dropout rate, we will enroll a total of 120 participants (40 per group:
specific acupoint, conventional acupoint, and sham acupuncture). In summary, this sample size ensures adequate power
to detect clinically meaningful differences in the co-primary outcomes—WOMAC function and NRS pain scores—
thereby supporting a robust evaluation of Al-assisted personalized knee infrared imaging acupuncture versus conven-
tional and sham acupuncture in patients with KOA.

Concurrent Treatments

We will record the clinical history of any diagnosed diseases other than those listed in the exclusion criteria, along with
current medications being taken. During the trial, participants will be advised to avoid using additional therapies to
relieve knee pain. However, for ethical considerations, Celebrex (celecoxib) may be used as a standardized rescue
medication when necessary. The recommended dosage is 200 mg per day (one 0.2 g tablet, Pfizer Inc)., with a maximum
continuous use of five days. All rescue medication use will be documented in detail, including the medication name,
dosage, frequency, timing, and time to pain relief.

Assessment of Safety

Throughout the trial, AEs will be monitored and documented using standardized safety assessment forms, capturing the
timing, severity, frequency, and duration of each event. Common AEs associated with acupuncture include dizziness,
bleeding, pain, hematoma, and other potentially serious reactions. Although no definitive cases of acupuncture-induced
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infection have been reported in the literature, local skin infections may still occur due to needle penctration of the
subcutaneous layer, even after proper skin disinfection. If an infection is suspected, the needle will be removed
immediately, and appropriate skin care and etiological evaluation will be conducted in consultation with the dermatology
department. Antibiotic therapy will be initiated if necessary. Adverse events related to the use of Celebrex, including
potential gastrointestinal and cardiovascular side effects, will also be carefully monitored.>® For any AE, immediate
emergency measures will be taken, and details will be thoroughly recorded in the Case Report Form (CRF). In the event
of a SAE, the research ethics committee will determine whether the participant should be withdrawn from the study.
Participants may voluntarily withdraw at any time if they experience discomfort or adverse reactions. If unblinding is
required for the clinical management of an SAE, the principal investigator will perform emergency unblinding according
to a predefined protocol, and all relevant documentation will be submitted to the ethics committee for review. To
minimize loss to follow-up, participants will receive a modest transportation subsidy and regular follow-up reminders.
For those who withdraw or are lost to follow-up, the reasons for withdrawal and available clinical data will be collected
as far as possible and included in the Intention-To-Treat (ITT) analysis when applicable. No independent Data
Monitoring Committee (DMC) has been established for this trial due to its small scale, short duration, and low-risk
nature. Instead, internal monitoring will be performed by the principal investigator and research coordinators, with
regular auditing of data completeness and adverse events reporting. The research team has no financial conflict of interest
with the study sponsor.

Interventions

This trial is divided into three groups: the specific acupoint group, the conventional acupuncture group, and the sham
acupuncture group, receiving acupuncture based on Al-assisted infrared image based acupoints, conventional acupoints,
or sham acupoints, respectively. Apart from the experimental scheme, patients will be advised not to use any other
methods for the treatment of KOA. The knees of all subjects were captured using Al machine information collection and
infrared images at baseline information collection, followed by different interventions based on randomized groups. To
ensure data consistency across all four participating centers, all infrared imaging devices will undergo standardized
calibration before the initiation of the trial and regular recalibration every three months, following the manufacturer’s
technical specifications. Imaging sessions will be conducted in temperature-controlled rooms maintained at 24+1°C and
a relative humidity of 45-60%, without direct sunlight or strong airflow. Prior to image acquisition, participants will rest
quietly in the imaging room for at least 15 minutes to achieve thermal equilibrium. All centers will use the same infrared
imaging device model (Shanghai Dashi Medical Technology Co., Ltd.) and follow a unified operating protocol to
minimize inter-site variability and ensure data comparability. The Al-assisted acupoint selection strategy is presented in
Figure S1, while the machine’s appearance is shown in Figure S2A. All needling procedures at each center are performed
by a designated TCM practitioner with at least 10 years of clinical experience and rigorous training. Each hospital has
three acupuncturists, who are responsible for only one type of acupuncture treatment according to a randomized
treatment protocol provided by independent researchers. Before the study, all practitioners are required to attend the
operational training for this trial, and the four acupuncturists responsible for the same group of four hospitals will be
trained together to standardize the treatment protocols. All groups are required to retain the needles for 30 minutes after
needling. The acupuncture treatment will be continued for 8 weeks, 2 times a week. Participants will be contacted by
phone prior to each treatment day to remind them of their scheduled session.

To enhance adherence, participants will receive text message or phone call reminders before each scheduled session.
Attendance will be recorded, and adherence will be defined as completion of at least 12 of 16 sessions. If adherence falls
below 75%, the case will be reviewed. During the trial, use of other KOA treatments (eg, physiotherapy, herbal medicine,
other acupuncture therapies) will be prohibited and monitored via patient self-report and regular check-ins. For ethical
considerations, participants in the sham acupuncture group will be offered active acupuncture treatment after the
completion of the study.
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Figure 2 The logic of the system from data acquisition to program generation.

Specific Acupoint Group

The Al system provides precise acupuncture point program for this group by analyzing infrared thermal images of the
knee. The logic of the system from data acquisition to program generation is demonstrated in Figure 2. The system
calculates the average temperature for each of the five regions of the knee: middle, upper inner, lower inner, upper outer,
and lower outer. The diagram of the knee joint region division is provided in Figure S2B. Using the primary acupuncture
points and corresponding meridians of different sensitive regions, combined with clinical experience and literature
reports, the system establishes acupuncture prescription rules for the sensitized areas of KOA. It finally forms
a comprehensive acupuncture point scheme based on the corresponding TCM meridians for these regions, integrating
commonly used and clinically experienced points, with all selected acupoints listed in Table S1, and the acupuncture
point program is displayed on the smartphone interface as shown in Figure S2C. During acupuncture treatment, patients
are required to lie supine on the treatment bed, maintaining stillness and adopting a comfortable posture throughout the
entire process. Before treatment commences, the TCM doctor first disinfects the acupoints locally with 75% alcohol and
then inserts disposable acupuncture needles (0.25mm in diameter, 40mm in length, Yunlong, Wujiang, China) vertically
into designated acupoints to a depth of 25 to 40 millimeters. Subsequently, acupoints are stimulated through lifting,
thrusting, and rotating motions until the patient experiences the Deqi sensation. The term “Deqi” refers to a composite
sensation (such as numbness, soreness, or heaviness) that is felt after needle insertion and manual stimulation, and is
believed to be crucial to acupuncture efficacy.

Conventional Acupuncture Group

When choosing the conventional acupuncture points, we will determine the locations of the acupoints using the
nomenclature and locations of acupuncture points specified in the National Standard of the People’s Republic of
China (GB/T 12346-2006) including SP9 (Yinlingquan), GB34 (Yanglingquan), EX-LE4 (Neixiyan), ST36 (Zusanli),
BL40 (Weizhong), SP10 (Xuehai) and ST34 (Liangqiu), which are mainly located around the knee (Table 2).
Furthermore, an Ashi acupoint (where the patient feels the most pain) will be added based on the patient’s condition.
Practitioners also need to lift, thrust, and rotate needles to make patients feel Deqi when inserting acupuncture needles.

Sham Acupuncture Group

Sham acupuncture will be administered at eight predefined non-acupuncture points located away from recognized
meridians, acupoints, nerve bundles, motor points, and myofascial trigger points (see Table 3). The procedure will
mirror that of the other groups, except that needles will be inserted superficially (<5 mm) without manual stimulation or
elicitation of the Degqi sensation.’’

Journal of Pain Research 2025:18 hetps: 6187


https://www.dovepress.com/article/supplementary_file/560805/560805%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/560805/560805%20Supplementary%20Material.docx
https://www.dovepress.com/article/supplementary_file/560805/560805%20Supplementary%20Material.docx

Yang et al

Table 2 Locations of Acupoints for Conventional Acupuncture Group

Acupoint | Location

SP9 On the tibial aspect of the leg, in the depression between the inferior border of the medial condyle of the tibia and the medial border
of the tibia

GB34 On the fibular aspect of the leg, in the depression anterior and distal to the head of the fibula

EX-LE4 On the anterior aspect of the knee, in the depression medial to the patellar ligament

ST34 On the anterior aspect of the thigh, 2 cun* above the laterosuperior border of the patella.

ST36 On the anterior aspect of the leg, 3 cun* below ST35, one finger-breadth lateral to the anterior crest of the tibia.

SPI0 When the knee is flexed, this point is 2 cun* above the superior medial corner of the patella, on the bulge of the vastus medialis
muscle.

BL40 Midpoint of the popliteal crease, between the tendons of the biceps femoris and semitendinosus.

Note: *| cun (= 20 mm) is defined as the width of the interphalangeal joint of the patient’s thumb.

Table 3 Locations of Non-Acupoints for Sham Acupuncture Group

Non-acupoint | Location

NAI 6 cun* above the upper edge of the patella (between the Spleen Meridian and Stomach Meridian)
NA2 5 cun* above the upper edge of the patella (between the Spleen Meridian and Stomach Meridian)
NA3 4 cun* above the upper edge of the patella (between the Spleen Meridian and Stomach Meridian)
NA4 Midpoint between ST36 and GB34 (between the Gallbladder Meridian and Bladder Meridian)
NAS5 3 cun* below GB34 (between the Gallbladder Meridian and Bladder Meridian)

NA6 2 cun* above the medial malleolus (between the Liver Meridian and Spleen Meridian)

NA7 2 cun* above the lateral malleolus (between the Gallbladder Meridian and Bladder Meridian)
NA8 Midpoint between GB40 and ST4| (between the Gallbladder Meridian and Bladder Meridian)

Note: *1 cun (= 20 mm) is defined as the width of the interphalangeal joint of the patient’s thumb.

Outcome Measures

In cases where both knees meet the inclusion criteria, the knee with greater pain will be selected as the target knee for
both intervention and analysis. Only the target knee will receive acupuncture treatment to avoid potential cross-
intervention effects. If both knees are symptomatic but only one meets the inclusion criteria, the intervention and
evaluation will still be limited to that single knee (see Table 4).

Table 4 Summary of Outcome Measures

Outcome Type Measure Instrument / Scale Assessment Timepoints

Primary Outcome Physical function WOMAC - Function Subscale Baseline, Week 8, Week 12
Pain intensity Numeric Rating Scale (NRS, 0-10) Baseline, Week 8, Week 12

Secondary Outcome | Pain WOMAC - Pain Subscale Baseline, Week 8, Week 12
Stiffness WOMAC - Stiffness Subscale Baseline, Week 8, Week 12
Physical health status SF-12 — Physical Component Summary (PCS) Baseline, Week 8, Week 12
Mental health status SF-12 — Mental Component Summary (MCS) Baseline, Week 8, Week 12
Knee range of motion (ROM) | Standardized goniometric assessment Baseline, Week 8, Week 12
The clinical efficacy of TCM Symptom score based on Guiding Principles for | Baseline, Week 8, Week 12

Clinical Research of New Chinese Medicines

Inflammatory markers Laboratory testing (eg, IL-6, TNF-a, CRP) Baseline, Week 8

6188 e Journal of Pain Research 2025:18
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Primary Outcomes

Knee function and pain are defined as co-primary outcomes in this study. Functional status was assessed using the
function subscale of the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC, Likert 3.1 version),
and knee pain was evaluated using the Numeric Rating Scale (NRS).*> The WOMAC function subscale includes 17 items
assessing difficulty in performing daily activities.> Each item is scored on a 5-point Likert scale: none (0), mild (1),
moderate (2), severe (3), and extreme (4), with total scores ranging from 0 to 68. Higher scores indicate worse knee
function.** For patients with bilateral knee involvement, the more severely affected side was used for scoring. Pain was
assessed based on average knee pain experienced over the past week, using an 11-point NRS ranging from 0 (no pain) to
10 (worst imaginable pain). Pain levels were further categorized as: 1-3=mild (does not affect sleep), 4—6=moderate
(slightly affects sleep), 7-9=severe (prevents sleep or causes awakening), and 10=extreme pain.>” Patients rated their
pain by selecting the number that best matched their experience.

Secondary Outcomes

1. The WOMAC subscales for knee pain (5 items, score range 0-20) and stiffness (2 items, score range 0-8) will be
used for assessment. For patients with bilateral knee involvement, the more severely affected side will be scored.
Patients will report their average knee pain and stiffness over the past week.

2. The SF-12 questionnaire will be used to assess patients’ quality of life,*® covering both physical and mental health
domains. It consists of 12 items, each scored across a range of responses, with higher scores reflecting better health
status. The SF-12 produces two summary scores: the Physical Component Summary (PCS) and the Mental
Component Summary (MCS), both standardized to a population mean of 50 and a standard deviation of 10.
This provides a comprehensive evaluation of physical and mental health functioning across multiple dimensions.

3. Knee ROM is a key functional assessment that evaluates the movement range of the knee joint. It is commonly
used in assessing knee conditions such as osteoarthritis, post-operative rehabilitation, and other disorders affecting
joint mobility. Knee ROM includes flexion, extension, internal rotation, and external rotation. To measure knee
mobility, we used a multifunctional movable angle ruler with a 180-degree steel angle (double arm’s length
250 mm, YMD, Y282), as shown in Figure S2D. For active ROM measurement, patients were instructed to move
their knee independently, while for passive ROM measurement, the researcher assisted the patient in moving the
knee while the patient remained immobile.

4. The clinical efficacy of TCM will be assessed based on the Guiding Principles for Clinical Research of New
Chinese Medicines.’” Treatment efficacy for KOA will be evaluated by scoring five primary TCM symptoms
before and after treatment (refer to Table 5). The percentage reduction in symptom scores will be used to
determine efficacy, with classifications defined as follows: Clinical Cure is defined as the disappearance or near
disappearance of TCM clinical symptoms and signs, with a symptom score reduction of >95%; Significantly
Effective indicates marked improvement, with a score reduction of 70% to <95%; Effective refers to general

Table 5 Chinese Medicine Clinical Symptom Score

Symptoms/score | None | Mild (2) Moderate (4) Severe (6)

(0)
Joint pain None Hidden pain Pain with weakness Severe pain with activity limitation
Soreness and None Mild soreness and Persistent soreness and weakness in the Soreness and weakness in the lower
weakness of waist weakness in the lower lower back and knees, exacerbated by back and knees, resulting in difficulty
and knees back and knees exertion. walking
Mental fatigue and None Fatigue after activity Fatigue with minimal activity Feeling fatigued even when resting in
weakness bed
Dizziness and None Dizziness without tinnitus | Tinnitus without dizziness Both dizziness and tinnitu
tinnitus
Hot flashes and None Mild hot flashes and night | Persistent hot flashes and night sweats Persistent hot flashes accompanied by
night sweats sweats heat in the palms and soles
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improvement, with a score reduction of 30% to <70%; and Ineffective is defined as no significant improvement or
worsening of symptoms and signs, with a score reduction of <30%.

5. The detection of inflammatory indicators was conducted by collecting fasting venous blood samples (2 mL) from
participants in both groups before and after treatment. The samples were centrifuged, and the assays were
performed strictly following the instructions provided in the reagent kit manual. Optical density (OD) values
were measured at a wavelength of 450 nm using a microplate reader. A standard curve was plotted with the
standard concentrations as the x-axis and the corresponding OD values as the y-axis. Based on this curve, the
serum levels of interleukin-1f (IL-1B), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a) were calculated.

Statistical Analysis

The primary analysis of this study will follow the Intention-to-Treat (ITT) principle. The Full Analysis Set (FAS), serving
as the primary analysis population, will include all randomized participants, analyzed according to their original group
assignment, regardless of adherence to the intervention protocol. Participants who were randomized but did not receive
any treatment or who lack all post-randomization efficacy data will be excluded from the FAS in accordance with
standard practice. The Per-Protocol Set (PP) will be used for secondary or sensitivity analyses. It will include participants
with valid baseline data who completed the assigned intervention and follow-up as per protocol, and who met all
inclusion criteria without violating any exclusion criteria. The Safety Analysis Set (SAS) will consist of all randomized
participants who received at least one treatment session and will be used to evaluate adverse events and treatment-related
safety. Continuous variables will be summarized as means * standard deviations, while categorical variables will be
expressed as frequencies (percentages). Differences in mean changes from baseline for each outcome will be compared
between groups using a mixed-effects linear regression model, with baseline outcome scores as covariates. The model
will include fixed effects for group, time, and their interaction, and random intercepts for participants to account for
within-subject correlations. Least squares mean differences and 95% confidence intervals will be estimated for each
group at each time point. Interaction terms will be assessed to determine whether treatment effects vary over time. Post-
hoc pairwise comparisons will be conducted to examine between-group differences and within-group changes. Given the
inclusion of multiple secondary outcomes (eg, WOMAC subscales, SF-12, and inflammatory markers), appropriate
corrections for multiple comparisons—such as the Bonferroni adjustment—will be applied to control for Type I error and
ensure the robustness of statistical inferences.A two-tailed p value <0.05 will be considered statistically significant unless
otherwise adjusted. Sensitivity analyses will adjust for Celebrex use and participants’ previous acupuncture experience,
both of which will be included as covariates to control for potential confounding. In addition, exploratory subgroup
analyses will be conducted to investigate potential effect modifiers. Subgroups will be stratified by baseline disease
severity (Kellgren—Lawrence grade II vs III), age (<65 vs >65 years), and previous acupuncture experience. These
analyses aim to explore differential treatment responses across patient subgroups and enhance the precision and clinical
relevance of the findings. All statistical analyses will be performed using SPSS for Windows (Version 21.0, SPSS,
Chicago, IL, USA).

Discussion

Our study lies on the explanatory-pragmatic continuum. The explanatory component of the research derives from the
rigorous sham-controlled design, which aimed at isolating the specific physiological effects of acupuncture beyond
placebo. At the same time, the fact that our study targeted the primary clinical outcomes of pain and function in OA and
was consistent with commonly used interventions over 8 weeks brings a pragmatic aspect to our study. Furthermore, our
investigation combines traditional concepts of acupuncture with innovative methodologies, including thermosensitive
mechanisms and Al-assisted acupoint selection. While traditional acupoint selection often relies on the subjective
expertise of practitioners, our study incorporates objective measures, such as infrared imaging to detect thermal
variations, combined with Al algorithms to optimize acupoint selection. The Al system used in this study is built
upon a rule-based decision tree model, employing a structured if—then logic framework. Its core algorithm is derived
from consensus opinions of experienced traditional Chinese medicine (TCM) practitioners. By encoding clinical
expertise and interpretation principles of infrared thermographic images, the system analyzes knee infrared images to
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generate personalized acupoint prescriptions.Prior to the formal initiation of this clinical trial, we conducted
a preliminary validation study involving infrared thermographic data from 30 patients with knee osteoarthritis. In that
study, the prescriptions generated by the Al system were independently compared with those formulated by two senior
acupuncture experts, who were blinded to the Al output. The results showed an agreement rate of over 80%, with no
significant clinical discrepancies observed, providing preliminary evidence for the system’s reliability and clinical
potential. Furthermore, to ensure the safety and appropriateness of the treatment plans, all Al-generated prescriptions
in this study are reviewed and confirmed by licensed acupuncture physicians before being implemented. Such an
approach not only increases the precision of the intervention but also establishes a more systematic and reproducible
framework for acupuncture therapy.

Moreover, the current version of the Al model focuses on identifying thermosensitive regions and mapping them to
corresponding meridians, rather than performing direct TCM syndrome differentiation. However, the rule base under-
lying the algorithm was developed based on expert consensus that integrates acupoint selection principles applicable
across the common syndrome patterns of KOA, such as “cold-damp obstruction”, “qi and blood stagnation” and “liver-
kidney deficiency”. This design ensures a degree of adaptability across varying clinical manifestations. In future
iterations, we plan to incorporate syndrome-specific diagnostic information (eg, symptoms, tongue, and pulse data)
into the AI framework to enable syndrome-guided, individualized acupoint selection and further enhance clinical
precision.

Additionally, the Al system applied in this study does not rely on absolute temperature values, but rather identifies
thermally sensitized areas by analyzing the relative temperature differences within each predefined region of the knee.
The system automatically detects the highest and lowest temperature points in each region to locate the most thermally
active zones. To address the potential interference caused by excessive local heating in patients with severe inflammation,
a thermal normalization and outlier correction process has been incorporated into the algorithm. Specifically, when
abnormally high temperatures are detected in a localized region, the system automatically limits the influence of these
outlier pixels and applies spatial smoothing to ensure that the identified acupoints align with anatomically valid positions.
This design minimizes potential misidentification due to extreme temperature elevations while maintaining clinical
interpretability and acupoint accuracy. This strategy ensures that even with slight fluctuations in ambient temperature, the
relative thermal distribution remains stable across regions, thereby enhancing the robustness, consistency, and general-
izability of thermal data interpretation in various clinical settings. This study aims to address critical challenges in
acupuncture research by introducing an Al-assisted, evidence-based methodology for acupoint selection. By combining
modern technology with traditional practices, this research seeks to enhance the reliability, reproducibility, and ther-
apeutic efficacy of acupuncture for KOA.

Thermosensitive acupoints are specific regions that exhibit increased sensitivity to thermal stimulation, often
associated with local temperature elevations due to inflammation or pathological changes. Research has shown that
temperature variations in these regions may reflect underlying lesions. For example, studies by Japanese scholar Kohei
Akabane indicated that monitoring temperature along meridians can help identify acupuncture points associated with
pathological conditions.*® Studies on heat-sensitive moxibustion for KOA have shown that this treatment significantly
alleviates pain and reduces pro-inflammatory cytokine levels, such as TNF-a, IL-1, and IL-6. A randomized controlled
trial comparing conventional moxibustion and heat-sensitive moxibustion found the latter to be more effective in
improving clinical symptoms, lowering inflammatory marker levels, and reducing adverse reaction rates.> This provides
a scientific basis for acupuncture therapy. Based on these findings, our proposed Al-assisted infrared imaging acupunc-
ture system uses localized infrared imaging to detect thermal variations and map them to the corresponding meridians.
Based on the identified meridian, the system selects appropriate acupoints from a pre-defined pool of acupoints
associated with that meridian, providing a balance between precision and holistic intervention. This method transcends
the traditional focus on local acupuncture points alone by incorporating a systematic approach to optimize acupuncture
point selection across the entire body.

Traditional acupoint selection in acupuncture often relies on the practitioner’s expertise and theoretical knowledge.
While this approach can be effective, it lacks the systematic and reproducible framework necessary for widespread
clinical application. To address these limitations, our proposed system integrates Al with infrared imaging technology to
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capture temperature variations in the knee joint and analyze them using Al algorithms. This allows the identification of
the most suitable acupoints for treatment based on localized temperature changes, combined with meridian theory in
TCM to establish correlations between pathological regions and meridians. Compared to traditional methods that rely
heavily on practitioner experience, this system offers the potential to reduce subjectivity and variability in acupoint
selection, thereby aiming to improve standardization and reproducibility in acupuncture treatment. Moreover, if its
effectiveness can be validated, this innovative technology could enhance the accuracy of acupoint selection, optimize
treatment efficiency, and bolster the credibility and acceptance of acupuncture therapy in clinical medicine. By merging
modern technology with TCM principles, this approach paves the way for the development of personalized and
scientifically grounded acupuncture treatment strategies.

In this study, the design of the intervention groups was carefully crafted to reflect both traditional practices and
modern innovations, ensuring a robust comparison to evaluate the efficacy of Al-assisted personalized acupuncture. In
the conventional acupuncture group, the points primarily target pain and functional dysfunction localized around the knee
joint, such as SP9, GB34, and ST36, combined with patient-specific Ashi points. This group reflects the most commonly
used protocols in clinical practice, ensuring a reliable comparison with the specific and sham groups. To rigorously assess
the specific effects of acupuncture, the sham acupuncture group was designed with strict controls. Non-acupoints located
away from recognized meridians were selected, with needle insertion limited to 5 mm and no Deqi sensation induced.
The “Deqi” sensation, characterized by soreness, numbness, heaviness, or distention, represents a distinct neurosensory
phenomenon rather than a local inflammatory response. Mechanistically, Deqi arises from the activation of Ad and
C afferent fibers and the subsequent modulation of central pain inhibitory and autonomic pathways. While mild, transient
changes in local microcirculation and neuroimmune signaling may accompany Deqi, these responses differ fundamen-
tally from the immune-mediated cascade underlying inflammation. Emerging evidence suggests that Deqi may indirectly
modulate inflammatory activity by influencing neuroimmune balance, which could contribute to symptom improvement
in KOA. However, Deqi itself does not indicate tissue inflammation but reflects effective neural engagement during
acupuncture stimulation. While we acknowledge that even superficial needling at non-acupoint locations may elicit
certain physiological responses, these measures were deliberately chosen to minimize the specific therapeutic effects
associated with acupuncture. Importantly, this approach is consistent with internationally accepted standards for sham-
controlled acupuncture trials and serves as a reasonable and widely adopted comparator that preserves participant
blinding while minimizing physiological interference as much as possible.*>*!

Besides, we chose an intervention period of 8 weeks, with two sessions per week based on evidence from previous
studies that this schedule is sufficient to produce measurable improvements in chronic conditions such as KOA. Two
primary outcomes, including the NRS for pain and the WOMAC function subscale, were chosen to comprehensively
assess the effect of treatment on both symptom relief and functional improvement. This approach ensures a balanced
assessment of subjective and objective therapeutic benefits.

In short, by designing a rigorous research protocol, including controlling for nonspecific effects and employing sham
acupuncture in the control group, we aim to provide reliable evidence to assess this technology’s scientific and clinical
value. If the study is successfully implemented and yields the expected results, it would provide modern scientific support
for traditional acupuncture therapy while offering a novel non-pharmacological treatment option for KOA patients. This
innovative approach, grounded in rules and evidence, promises to modernize and enhance the credibility of traditional
acupuncture treatment.
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