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Objective: To evaluate the effectiveness and safety of noninvasive kilohertz frequency alternating current (KHFAC) therapy for
neuropathic pain in patients following spinal cord injury.

Methods: In this randomized, single-blind, sham-controlled trial conducted from June 1, 2023, to January 31, 2024, 50 patients
suffering from neuropathic pain post-spinal cord injury were assigned to receive either KHFAC or sham stimulation for 7 days,
complemented by twice-daily oral administration of 75 mg pregabalin. Outcomes were assessed using the Visual Analog Scale
(VAS), Pittsburgh Sleep Quality Index (PSQI), and Brief Pain Inventory (BPI) at baseline, at the end of treatment, and 30 days
post-treatment. The primary outcome was the effective rate at the end of treatment, defined as a decrease in VAS score of 30% or
more.

Results: At the end of the 7-day treatment period, the experimental group demonstrated a significantly higher response rate, with 60%
of participants achieving a 30% or greater reduction in VAS scores compared to 28% in the control group (X?=5.195, P<0.05). During
this initial period, KHFAC effectively decreased pain intensity, reduced the frequency of paroxysmal pain, and lessened the need for
additional analgesics. It also improved sleep quality and overall quality of life relative to sham stimulation. However, at the 30-day
follow-up, no statistically significant differences were observed between the groups.

Conclusion: KHFAC is effective and safe for short-term neuropathic pain relief and quality of life enhancement in spinal cord injury
patients, without an increase in adverse events versus sham stimulation. However, while reductions in analgesic use suggest potential
lasting benefits, the long-term effectiveness remains uncertain. Further studies are required to assess the persistence of these effects.
Trial Registration: Chinese Clinical Trial Registry, ChiCTR2300068114.
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Introduction

Neuropathic pain (NP), mainly caused by spinal cord injury (SCI), impacts 50%—60% of SCI sufferers with severe pain
that disrupts daily life.' > Treatment globally includes various pharmacological options; however, only pregabalin is
FDA-approved for SCI-related NP, highlighting a significant gap in standardized treatments and emphasizing the need for

more universal therapeutic standards and clinical research.

Journal of Pain Research 2025:18 3321-3330 3321
Received: 9 April 2025 © 2025 Shuai et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 16 June 2025 A and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creati li /by-nc/4.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press lelted provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Published: 1 July 2025


http://orcid.org/0000-0002-7218-7535
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Shuai et al

Graphical Abstract

The KHFAC group had a considerably greater effective rate of pain relief by day 7,
with significant improvements in VAS, PSQI and paroxysmal pain, as well as a
*KHFAC : kilohertz frequency alternating current; VAS : visual analog scale reduced need for additional painkillers compared to the sham group.

Spinal cord stimulation (SCS) using kilohertz frequency alternating current (KHFAC), ranging from 1 kHz to 100
kHz, has proven effective in NP management by blocking nerve conduction, demonstrated in both animal studies and
early clinical trials.*> Nevertheless, the clinical adoption of SCS, including invasive dorsal root ganglion (DRG)
stimulation, is restricted due to associated surgical risks.®’

Addressing these limitations, our clinical trial investigates the efficacy and safety of a noninvasive 10 kHz KHFAC
DRG stimulation via patch electrodes, compared with sham stimulation alongside medication. This pioneering study is
the first to explore noninvasive KHFAC for NP treatment post-SCI, aiming to enhance noninvasive neuromodulation
technologies and potentially set new standards in NP care. This trial marks a critical step towards improving clinical
outcomes and broadening treatment accessibility for NP patients.

Methods

This was a single-center, randomized, single-blind, sham-controlled trial designed to assess the efficacy and safety of
KHFAC with patch electrodes for the treatment of NP following SCI in adult patients. This investigation was carried out
from June 1, 2023, to January 31, 2024.

Experiment Instrument
This test uses the electromyographic biofeedback instrument produced by Shanghai Nuocheng Electric Co., Ltd.
(Registered in Shanghai with the medical device registration number 20162210785).

Research Participants

Adults (aged between 18 and 60 years) with a clear history of thoracolumbar SCI and symptoms of NP were included in
this study. NP had to be diagnosed according to the Douleur Neuropathique 4 Questions (DN4) scale recommended by
the China Guidelines for the Evaluation and Management of Neuropathic Pain (2024). Participants were expected to
comprehend and be willing to follow the research methods and requirements, as well as offer informed permission.
Women were eligible for participation if they were not pregnant or breastfeeding and committed to avoiding pregnancy
throughout the trial. Patients who were in the acute or shock stage after SCI and those with non-thoracolumbar SCI, soft
tissue injury, infection, or unhealed fracture were excluded. Patients with pacemakers, renal insufficiency (creatinine
clearance rate <60 mL/min), severe liver and kidney dysfunction, and poor blood glucose control (fasting blood glucose
level >11.1 mmol/L) were excluded to prevent potential skin reactions and infections from stimulation. People with
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mental illness or mental retardation who could not cooperate with the treatment and researchers who believed were not
suitable for other reasons were also excluded.

Randomization, Blinding, and Study Treatment

Before therapy, participants were assessed and educated on evaluation tools, requiring a minimum pain score of 5 for
eligibility. Using a computer-generated method, participants were divided into two groups in a 1:1 ratio: experimental
and control, both receiving 75 mg of pregabalin after breakfast and lunch daily. The experimental group underwent
KHFAC therapy, with patch electrodes placed over dermatomes linked to injured spinal segments, using 10 kHz biphasic
rectangular waves. The intensity, adjustable from 1-7 mA based on tolerance, aimed to achieve numbness without pain,
for 30-minute sessions twice daily for 7 days (Figure 1). In the control group, electrodes were placed but no current was
applied. Patients experiencing severe pain could take additional analgesics, with the option to increase pregabalin to
150 mg twice daily. The effectiveness and safety of the treatments were assessed 30 days after therapy.

Study Assessments
Pain was assessed using the Visual Analog Scale (VAS) before therapy, after treatment, and 30 days later. The VAS,
a 100-mm line, gauges pain intensity from no pain to extreme pain. The Brief Pain Inventory (BPI) evaluated pain’s
impact on life across seven areas, with scores ranging from 0 (no impact) to 10 (severe impact), totaling up to 70. Sleep
quality was assessed with the Pittsburgh Sleep Quality Index (PSQI), which scores from 0 (excellent) to 21 (poor) across
several sleep-related metrics. Improvements were noted by grade changes, with a one-grade increase suggesting
remission.

Participant withdrawals and reasons were documented, excluding their data from final analysis. Safety was monitored
by recording adverse events and changes in blood pressure and heart rate, including serious adverse events and local skin
reactions like pain and erythema.

Endpoints

The main purpose of this study was to determine the effectiveness of treatment in the two groups of participants according to
the VAS score at different time points, that is, the effectiveness rate. The specific calculation method used was as follows:
curative effect = (before treatment-after treatment)/before treatment x100%. According to previous clinical research, an
effective curative effect is >30%, and < 30% indicates that the treatment is ineffective. Effective rate = effective number/total
number of people x100%.%

Other indicators include the statistics at d0, d7, and d30: (1) the degree of pain indicated by the VAS score; (2) the
frequency of paroxysmal pain per week; (3) the use of additional analgesic drugs; (4) the PSQI score; and (5) the BPI
score.

Adverse events were recorded in detail at any time during the test.

Figure | Kilohertz electrical stimulator (left) and patch electrode (right).
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Statistical Analysis

In the primary outcome analysis, we presented the pre- and post-treatment differences between the two groups as
percentages and used Pearson’s chi-square test for statistical evaluation. When the data did not meet the conditions for
chi-square testing, we applied the continuity-corrected chi-square test or Fisher’s exact test as appropriate. For secondary
outcomes, such as the proportion of patients using additional analgesics, we also employed chi-square tests.

We conducted two-way repeated measures ANOVA on data collected at d0, d7, and d30 to assess the effects of time,
treatment group, and their interaction on pain intensity (VAS score), weekly frequency of paroxysmal pain, sleep quality
(PSQI score), and pain interference (BPI score).

At the end of the treatment period, we utilized binary logistic regression analysis to investigate factors associated with
treatment efficacy (effective/ineffective), including treatment method, duration of illness, and gender. All statistical tests
were considered significant at a threshold of P<0.05, ensuring the scientific rigor and reliability of the results.

Compliance with Ethical Standards

This study was conducted at Yangzhi Rehabilitation Hospital (Shanghai Sunshine Rehabilitation Center) in accordance
with the Declaration of Helsinki and relevant national/international guidelines and regulations. The study protocol,
informed consent form and all supporting documents were reviewed and approved by the Medical Ethics Committee of
Shanghai Yangzhi Rehabilitation Hospital (Approval No. Y.Z.L. Shen Zi (2023) No.003). All participants were adult
subjects capable of giving written informed consent; no consent from a legal guardian or surrogate was required. The trial
was registered with the China Clinical Trials Registry (ChiCTR2300068114) on July 2, 2023.

Results

Demographic Data

From February 2023 to January 2024, patients who were hospitalized at Yangzhi Rehabilitation Hospital, which is
affiliated with Tongji University, and were clinically diagnosed with SCI with NP using a professional scale were
included. A total of 73 persons were screened; 10 (13.7%) did not match the inclusion requirements, and 13 (17.8%)
declined to participate in the study for personal reasons. 50 participants successfully participated in the study and were
randomly separated into two groups, with 25 in the experimental group and 25 in the control group (Figure 2).

All the participants accepted the specified treatment plan and completed all the evaluation items before and after
treatment. Therefore, the data sets of the treatment analysis and safety analysis were the same, consisting of all 50
participants. Table 1 summarizes the demographic and baseline characteristics of the participants.

The demographic features of the two groups were comparable, with no significant variations (P>0.05). The majority
of participants (70.0%) were male. The median ages of the experimental and control groups were 47 (38.50-52.00) and
45 (35.00-50.00) years, respectively. The experimental group had a median illness duration of 8 (3.42—17.00) months,
while the control group had a median of 7 (3.17-11.75) months. More than half of the participants (60.0%) had a thoracic
SCI. Hypertension and diabetes were the main comorbid chronic diseases, and no patients in the two groups had heart
disease or severe liver and kidney diseases.

The baseline characteristics were not significantly different between the two groups. The plan said that all participants
experienced moderate to severe pain at baseline, with average VAS values of 7.46+0.75 and 7.25+1.02, respectively. The
median (interquartile interval) frequency of paroxysmal pain per week in the experimental group was 2.0 (1.0-3.0),
whereas that in the control group was 1.0 (0.5-2.0). The number of all participants who used additional painkillers was
11 (22.0%). At baseline, the sleep quality was mostly “grade B” (74.0%), and no participants with poor sleep quality
were found during the whole process. At baseline, the two groups had mean BPI scores of 42.08 + 6.51 and 38.92 + 6.26.

Main Results
The indicators for the main results are shown in Figure 3A. At the end of treatment (d7), the experimental group had 15
patients who responded positively to the treatment, while the control group had 7. The two groups had effective rates of
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( Eligibility assessment (n=73) )
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( Simple randomization (n=>50) )
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Day1: Day1:
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KHFAC+Pregabalin Placebo+Pregabalin
(n=25) (n=25)
) 4
Day7: Day7:
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Day30: Day30:
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Adverse events (n=0) Adverse events (n=0)

Figure 2 CONSORT of subjects. The trial treatment time is 7 days in total, counting from d|, stopping treatment and evaluating at 7 days, and re-evaluating at 30 days. dO is
before treatment, d7 is at the end of treatment, and d30 is 30 days after treatment.

60.0% and 28.0%, respectively, for a difference of 32.0%. The X* test showed a statistically significant distinction
between the two groups (X* = 5.195; P <0.05).

On the 30th day after treatment (d30), compared with sham stimulation, KHFAC was no more effective at treating
pain (32.0% vs 28.0%, 4.0% difference; X*=0.095; P> 0.05 indicates that there was no statistical significance).

The degree of pain was expressed by the specific VAS score of each subject. Figure 3B shows the changes in the VAS score
before and after treatment. The degree of pain was obviously lower in the experimental group (7.46+0.75 vs 5.19+0.96;
P<0.001) than in the control group (7.25+1.02 vs 5.36+1.03; P<0.001). There was no significant difference between the time
points of 30 days after therapy and the completion of treatment, however, the degree of pain was much less in both groups after
treatment than before treatment. (P<0.001).

Figure 3C depicts the absolute value of the drop in VAS score after treatment compared to pre-treatment in the two
groups. The experimental group experienced more pain alleviation than the control group (2.26+0.80 vs 1.89+0.87),
albeit the difference was not statistically significant (P>0.05). Notably, only the average reduction in the VAS score in the
experimental group met the clinically significant difference (MCID) threshold (more than or equal to 2 points on the
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Table | Comparison of Baseline Characteristics Between the KHFAC Group and Sham Group

KHFAC Sham P
(10kHz, 1-7 mA)
Gender, n (%) 0.758
Male 17(48.57%) 18(51.43%)
Female 8(53.33%) 7(46.67%)
Age, Median [interquartile range] 47(38.5-52.0) 45(35.0-50.0) | 0.466
Pain duration(months), Median [interquartile range] 8(3.42-17.00) 7(3.17-11.75) | 0.497
Injured spinal cord, n (%) 0.564
Thoracic 14(46.67%) 16(53.33%)
Lumbar 11(55.00%) 9(45.00%)
Chronic disease, n (%) 1.000
Yes 3(60.00%) 2(40.00%)
No 22(48.89%) 23(51.11%)
VAS value, MeantSD 7.46+0.75 7.25%1.02 0.424
Pain eruption(times/week), Median [interquartile range] | 2(1.00-3.00) 1(0.50-2.00) 0.056
Extra painkillers, n (%) 0.733
Yes 5(45.45%) 6(54.55%)
No 20(51.28%) 19(48.72%)
Sleep quality, n (%) 0.137
Grade A 0(0.00%) 1(100%)
Grade B 17(45.95%) 20(54.05%)
Grade C 8(66.67%) 4(33.33%)
BPI Value, MeantSD 42.08£6.51 38.92+6.26 0.086

Notes: Normally distributed data are presented as mean * standard deviation (SD), categorical data are presented as percent of the
sample(n), and data that are not normally distributed are presented as median [interquartile range]; P>0.05 means that there is no
significant difference between the two groups.

numerical scale score). There was no significant difference in the improvement in VAS score between the two groups 30
days after therapy.

Other Secondary Results
In the secondary outcome analysis, all indicators demonstrated a significant main effect of time (p < 0.01), indicating
notable improvements in VAS, BPI, PSQI, and Paroxysmal Pain scores across different time points after treatment,
regardless of group (Figure 4A-D). This finding highlights the significant impact of time on treatment efficacy,
suggesting that both groups experienced meaningful improvements in pain relief and sleep quality over time, particularly
at Day 7 and Day 30. This pattern indicates that as treatment progresses, patients generally benefit from enhanced
therapeutic effects on both pain and sleep.

Although the main effect of group was not significant for any of the indicators (VAS: p = 0.55, BPI: p = 0.18, PSQI:
p = 0.90, Paroxysmal Pain: p = 0.23), which implies that there was no substantial difference between the KHFAC and
sham groups when considering group effects alone, a significant group x time interaction effect was observed for VAS
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Figure 3 (A) Main results. Experimental group: Kilohertz electrical stimulation combined with drug treatment; Control group: Sham stimulation combined with drug
treatment. *Significant difference compared to the control group (P < 0.05). (B) VAS scores at different times. *Significant difference within groups compared to baseline (P <
0.001). (C) VAS score reduction between the experimental group and control group.
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Figure 4 Interaction Effects of KHFAC vs Sham Treatment Over Time on Various Clinical Outcomes in SCI Patients. (A) Visual analog scale (VAS) scores over time.
(B) Proportion of additional analgesic use over time. (C) Pittsburgh Sleep Quality Index (PSQI) scores over time. (D) Frequency of paroxysmal pain over time.

(Figure 4A, p = 0.04), PSQI (Figure 4C, p < 0.01), and Paroxysmal Pain (Figure 4D, p = 0.03). This interaction suggests
that the improvement trends across time points varied significantly between the groups. Specifically, the KHFAC group
showed more pronounced improvements in pain relief and sleep quality at the early stage (Day 7) compared to the sham
group. This interaction effect indicates that the KHFAC treatment may have provided earlier benefits, with patients in the
KHFAC group responding to treatment faster than those in the sham group. Although the interaction effect for BPI
(Figure 4B) was not significant (p = 0.12), both groups showed improvement trends in the initial phase of treatment,
indicating that both interventions may provide early relief, albeit without significant differentiation between the two
groups for this specific measure.

In terms of analgesic use, 5, 2, and 4 patients in the experimental group used additional painkillers before
treatment, at the end of treatment, and on Day 30 after treatment, respectively; in the control group, 6, 8, and 8
patients used additional painkillers at the corresponding time points (Figure 4B). At the end of treatment, the
proportion of additional analgesic use in the experimental group was significantly lower than that in the control
group (8.0% vs 32.0%, X2 = 4.50, p = 0.03), suggesting that KHFAC may reduce the need for additional pain

medication in the short term, which could be beneficial for pain management. However, there was no statistically
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significant difference in the proportion of additional analgesic use between the two groups before treatment and on
Day 30 after treatment. This lack of significant difference at Day 30 suggests that while KHFAC may provide
early benefits in reducing additional analgesic needs, this effect does not appear to persist over a longer period.

Adverse Events

No serious side effects such as drowsiness, dizziness, headache, or infections were reported in any participants. In the
experimental group, one patient’s patch electrode fell off due to rubbing, causing a brief tingling and temporary redness
about 1 cm in diameter, which subsided without pain or itching after about 5 minutes. The main adverse events observed
were electrode displacement and skin irritation.

Regression Analysis

In this study of 50 patients, effectiveness at treatment end was analyzed using binary logistic regression,
considering various factors such as treatment technique, disease progression, age, gender, pain severity, and use
of extra painkillers. The analysis revealed that the treatment group variable was the only statistically significant
factor, indicating the experimental group was 5.8 times more likely to experience effective treatment compared to
the control group (p=0.02, Exp(B)=5.80, CI: 1.32-25.4). Other factors, including disease duration, age, gender,
pain severity (VAS), and additional painkillers, did not significantly affect treatment outcomes, as their p-values
were above 0.05 and confidence intervals broadly included 1. This confirms KHFAC’s efficacy as the primary
determinant of therapeutic effectiveness in this cohort, independent of other potential influencing factors.

Discussion
This study evaluated the effectiveness of combining kilohertz frequency alternating current (KHFAC) stimulation with drug
therapy in treating neuropathic pain (NP) among patients with spinal cord injury (SCI). The primary finding was that the
experimental group receiving KHFAC exhibited a significantly higher rate of effective pain relief at the end of treatment
compared to the control group receiving only drug therapy. Specifically, the experimental group achieved an average
reduction of 2.26 points in pain scores, reaching the minimal clinically important difference (MCID) for chronic pain
reduction, whereas the control group did not. However, this significant difference was not sustained at the 30-day follow-up.
The initial efficacy of KHFAC may be attributed to its ability to influence pain conduction pathways without
inducing abnormal sensations, unlike traditional low-frequency stimulation.” KHFAC may directly block nerve

conduction by affecting sodium and potassium ion currents'®"!

or inhibit pain signals downstream of the injury
site.'? Additionally, its mechanism might involve regulating interactions between neurons and glial cells in the
dorsal root ganglion (DRG) and spinal dorsal horn.'>”'> Despite these potential advantages, the absence of
sustained long-term effects suggests incomplete inhibition of central sensitization and glial cell activity. The
“carry-over” effect—where nerve conduction remains inhibited for a period after stimulation ceases—may also
contribute.'®'® Indicating that longer stimulation durations might be necessary to achieve prolonged benefits.

At the conclusion of treatment, the experimental group required fewer supplemental painkillers and reported improved
sleep quality and overall quality of life compared to the control group. Nonetheless, these benefits were not significant at the
30-day follow-up, underscoring the need for further investigation into the long-term efficacy of KHFAC therapy.

A notable aspect of this study is the use of noninvasive patch electrodes for KHFAC delivery, thereby reducing risks
associated with invasive implantation methods employed in previous research. While prior studies have reported high
efficacy rates with spinal cord stimulation systems.*'*>* The noninvasive and shorter-duration treatment used in this study
offers a practical alternative, although direct comparisons are challenging due to differences in treatment protocols.

Limitations of the study include its single-blind design and reliance on subjective measures such as the Visual Analog
Scale (VAS). Masking participants was impractical due to the sensations caused by KHFAC stimulation. Although
measures were taken to reduce bias, the absence of full masking may have influenced the results. Furthermore, patients
with refractory pain may have been more inclined to participate, potentially affecting the generalizability of the findings.

Nonetheless, the study was designed based on realistic criteria for comparative efficacy trials.?!**2°
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In summary, combining KHFAC with drug therapy provides significant short-term relief for NP in SCI patients,
improving pain levels, reducing the need for additional painkillers, and enhancing sleep quality and overall quality of life
immediately after treatment. However, these therapeutic effects were not sustained over the long term. Further research
with larger sample sizes and extended stimulation durations is necessary to confirm these findings and to explore the
long-term efficacy and safety of KHFAC as a treatment option for SCI-induced neuropathic pain.
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