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Effects of tDCS combined with
TENS in relieving pain and
iImproving gait patterns during
stepping over obstacles among
older adults with knee
osteoarthritis

Xinmeng Zhang', Dongmei Wang’, Qingging Song’, Xin Luo’,
Yubin Ge', Peixin Shen® and Qipeng Song™*
!Graduate School, Shandong Sport University, Jinan, China, ?Biomechanics Laboratory College of

Human Movement Science, Beijing Sport University, Beijing, China, *College of Sports and Health,
Shandong Sport University, Jinan, China

Purpose: Older adults with knee osteoarthritis (KOA) exhibit an elevated risk of
falls during obstacle negotiation, primarily due to pain-induced gait deviations.
While transcutaneous electrical nerve stimulation (TENS) offers modest pain
relief and limited gait modulation, combining it with transcranial direct
current stimulation (tDCS) may enhance the effects. This study evaluated the
comparative efficacy of tDCS + TENS vs. TENS alone in mitigating pain and
optimizing gait patterns during obstacle crossing in older adults with KOA.
Methods: Twenty-three participants with KOA (mean age: 67.6 + 5.0 years; BMI:
25.9 + 2.4 kg/m? were randomized to either tDCS+ TENS (n=12; 7F/5M) or
TENS-only (n=11; 7F/4M) groups. Both interventions involved 20-minute
sessions, administered thrice weekly for six weeks. Outcome measures included
pain intensity (visual analog scale, VAS) and gait variables (foot clearance height,
crossing velocity) assessed pre- (week 0) and post-intervention (week 7). Data
were analyzed using mixed-design two-way ANOVAs with Bonferroni corrections.
Results: Statistically significant group-by-time interactions were observed for
pain (p=0.002, »5=0.378), foot clearance (p=0.038, #5=0.190), and
crossing velocity (p <0.001, ng = 0.588). post hoc analyses revealed that the
tDCS+TENS group (weekO=4.72+101, week7=198+0.88, p<0.001)
experienced significantly greater reductions in pain scores compared to the
TENS-only group (weekO=5.024+119, week7=356+118 p<0.001);
tDCS + TENS group experienced significantly greater improvements in foot
clearance (week0 =0.19 + 0.04, week7 =0.20 + 0.03, p<0.001) and crossing
velocity (week0 =0.53+0.11, week7 =0.62 + 0.08, p<0.001), compared to
the TENS-only group (weekO=0.17+0.02, week7=0.17+0.02, p<0.001;
week0 = 0.52 + 0.09, week7 = 0.54 + 0.09).

Conclusion: The combination of tDCS and TENS significantly outperformed
TENS-only in reducing pain and enhancing gait adaptability during obstacle
negotiation in older adults with KOA. These findings support the integration
of tDCS as an adjunctive neuromodulatory strategy to amplify the therapeutic
benefits of TENS in this population.

KEYWORDS

knee pain, osteoarthritis, transcranial direct current stimulation, transcutaneous
electrical nerve stimulation, obstacle crossing
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1 Introduction

Knee osteoarthritis (KOA) is a chronic degenerative joint
disorder characterized by progressive damage to articular
cartilage, subchondral bone, and the synovial membrane (1). It
ranks among the top five causes of disability in older adults (2),
with a global prevalence exceeding 645 million individuals (3).

Obstacle negotiation presents distinct challenges for older
adults with KOA, as this task exacerbates pain and elevates fall
risk. Stepping over obstacles elicits greater pain intensity
compared to level walking (4), a hallmark symptom of KOA (5).
Approximately 50% of falls in this population occur during
obstacle crossing (6), frequently resulting in fractures or
mortality (7). Foot clearance, defined as the vertical distance
between the foot and the obstacle during the swing phase of
gait, is critical for fall avoidance, as most trips occur due to
inadvertent contact between the swinging limb and the obstacle.
Reduced foot stepping height is
associated with tripping and falls (8). Additionally, patients with

clearance and strongly
KOA exhibit longer single-leg support time and slower gait
speeds (9), with a 0.1 m/s decrease in velocity linked to a 10%
decline in physical performance capacity (10). These gait
alterations may arise from decreased lower limb flexion angles
in the leading leg, reduced vertical impulse from the trailing leg
during swing initiation, or insufficient propulsive force to
maintain gait speed (11, 12).

Standard KOA interventions include pharmacological therapy,
(13).
Pharmacological analgesics provide transient pain relief but are

surgical procedures, and physical agent modalities
associated with gastrointestinal and cardiovascular adverse
effects (14), while surgical options may be contraindicated in
older adults due to comorbidities (15). Physical therapies are
favored for their rapid efficacy and safety profiles (16), with
transcutaneous electrical nerve stimulation (TENS) being a
(17). TENS delivers

electrodes to modulate

widely recommended physiotherapy

electrical currents via cutaneous
peripheral pain pathways by activating large-diameter A
afferent fibers, which enhance inhibitory interneuronal activity
in the dorsal horn of the spinal cord (18). However, TENS
exhibits limited analgesic duration and modest effects on
functional outcomes (19).

The limited analgesic and functional efficacy of TENS in KOA
may be attributed to its exclusively peripheral mechanism of
action. classic control

According to the gate

conventional peripheral physiotherapy (e.g., TENS) modulates

theory,

pain by activating large-diameter AP afferent fibers, which
enhance inhibitory interneuronal activity within the dorsal horn
of the spinal cord, thereby “closing the gate” to nociceptive
input (20). However, the gate control theory also posits a central
inhibitory pathway. AP fiber signals are rapidly transmitted to
the brainstem and cortex, where descending projections
modulate spinal gate dynamics via the periaqueductal gray and
(20). While TENS

peripheral nociceptive pathways, it fails to directly address

rostral ventromedial medulla targets

central sensitization, a hallmark of chronic KOA pain and
disability (21).
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Central sensitization in KOA arises from sustained nociceptive
input driven by synovial inflammation and sterile inflammation of
local soft tissues, which activates peripheral nociceptors and
triggers increased neurotransmitter release at primary afferent
terminals in the spinal dorsal horn (22). This persistent afferent
barrage enhances the responsiveness of nociceptive neurons,
leading to heightened pain sensitivity and exaggerated responses
to mild stimuli, perpetuating chronic pain (22). Additionally,
central sensitization may contribute to functional impairments,
including altered gait patterns that further elevate fall risk (23).

Transcranial direct current stimulation (tDCS) is a non-
invasive brain stimulation technique that delivers low-intensity
(anode and cathode)
positioned over targeted cortical regions (24). By inducing

direct current via surface electrodes

subthreshold shifts in neuronal membrane polarization, tDCS
modulates cortical excitability: anodal stimulation enhances
This
neuroplastic modulation may attenuate central sensitization-

excitability, while cathodal stimulation suppresses it.

related pain hypersensitivity by activating descending inhibitory
pathways in the spinal dorsal horn (25).

Overall, TENS provides transient pain relief via peripheral
mechanisms but has limited effects on functional outcomes (19).
In contrast, tDCS modulates cortical excitability and central
pain processing, potentially improving gait patterns through
enhanced neural plasticity (25, 26). A combined tDCS + TENS
intervention may synergistically address pain and gait deficits in
older adults with KOA by integrating peripheral analgesia with
central neuroplasticity enhancement. However, no prior studies
have evaluated this approach. Therefore, this study aimed to
investigate the effects of a 6-week tDCS combined TENS
intervention on pain relief and obstacle-crossing gait
improvement (including foot clearance and crossing velocity)
among older adults with KOA, compared to TENS alone. We
hypothesize that (1) both TENS+tDCS and TENS alone will
reduce pain scores and improve obstacle-crossing gait patterns
(i.e., increased foot clearance and crossing velocity) in older
adults with KOA, and (2) TENS+tDCS intervention will
demonstrate superior efficacy compared to TENS alone in

reducing pain and enhancing gait adaptability.

2 Materials and methods
2.1 Sample size estimate

An a priori power analysis conducted by the G*Power 3.1
software (University of Diisseldorf, Diisseldorf, Germany)
indicated that a minimum of 22 participants should be recruited
to obtain an alpha level of 0.05 and a statistical power of 0.95
based on a previous study: pain scores decreased more
significantly in KOA patients who received 4-week of TENS
combined with tDCS interventions compared to those who
received only 4-week of TENS combined with sham tDCS
interventions  with a  significant  group-by-intervention
interaction (p =0.038, 17]2,=0.101) detected in the pain scores

using a mixed design two-way ANOVA (27).
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2.2 Participants

All participants were recruited from local communities via
flyer distribution and presentations from Sep 2024 to Jan 2025.
Fifty individuals were screened for eligibility based on the
following inclusion criteria: (a) aged 65 years or older; (b)
diagnosed with unilateral or bilateral KOA per the American
College of Rheumatology clinical criteria (28); (c) Kellgren/
Lawrence radiographic grade 2 or 3. Exclusion criteria included:
(a) neurological or neuromuscular disorders affecting the knee
(other than KOA); (b) history of lower extremity joint surgery
or fractures within the past 3 months; (c) planned total knee
replacement in the coming months; (d) chronic, disabling back,
hip, ankle, or foot pain interfering with daily activities; (e)
severe cognitive impairment (Mini-Mental State Examination
score <24); (f)
pacemaker implantation, unusual pinprick sensation).

intolerance to electrical stimulation (e.g.,

Twenty-eight eligible participants were randomly allocated
(1:1 ratio) to tDCS+ TENS or TENS groups using sequentially
numbered,
assignments. The tDCS+TENS group received active tDCS
combined with TENS, while the TENS group received sham
tDCS combined with TENS, over 6 weeks (three 20-minute
sessions weekly). Five participants dropped out by week;, one

opaque, sealed envelopes containing group

for relocation and four for poor compliance. Final analysis
included 23 participants (12 in the tDCS + TENS group and 11
in the TENS group) (Figure 1). All participants provided written
informed consent. The study was approved by the Ethics
Committee of Exercise Science, Shandong Sport University
(20233037), adhering to the Declaration of Helsinki.

Assessed for eligibility (n=50)

Excluded (n=22)
Not meeting (n=12)
Declined to participant (n=10)

A

—| tDCS+TENS group (n=14) |
week 0, n=28
> TENS group (n=14) |
Excluded (n=5)
—
Poor compliance (n=4)
Migrate to a new place of residence (n=1)
\A
—[ tDCS+TENS group (n=12) |
week 7, n=23
—  TENS group (n=11) |
FIGURE 1

Participant flow chart. Participation flow chart from weekO to
week?7. The final analysis included data from 23 participants
Twenty-seven participants were excluded from the original 50
recruited due to various reasons. tDCS, transcranial direct current
stimulation; TENS, transcutaneous electrical nerve stimulation.
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2.3 Transcranial direct current stimulation
(tDCS) intervention

A tDCS device (Starstim8, Neuroelectronics, Spain) delivered
stimulation via two 5 cm diameter rubberized circular electrodes.
The anode was precisely positioned over the primary motor
cortex (M1) at the Cz electrode site of the 10-20 EEG system. Cz
is located at the skull midline, midway between the nasion (nasal
root) and inion (external occipital protuberance), corresponding
to the lower limb motor cortex. The cathode was placed over the
ipsilateral supraorbital (SO) area (FP2 or FP1 of the non-
dominant hemisphere), targeting the hemisphere contralateral to
the affected knee (determined by higher Kellgren-Lawrence grade
or self-reported pain intensity). This formed the M1-SO montage
(27) (Figure 2a). Active tDCS delivered a constant current of
2 mA, ramped from OmA to 2mA over 30s, maintained at
2mA for 19 min, and tapered to 0 mA over 30s (total session
20 min). Sham
placement and initial ramp-up (30s at 2mA), followed by

duration: stimulation mirrored electrode

immediate shutdown to mimic sensory effects.

2.4 Transcutaneous electrical nerve
stimulation (TENS) intervention

Stimulation was delivered via the Low and Medium Frequency
Therapy System (Junde Medical Equipment Co., Ltd., Model IN-
1300, Hebei, China) using TENS modalities, at the same time
when participants received tDCS intervention. Two circular
surface electrodes (diameter: 5cm) were positioned on the
medial and lateral sides of the knees, approximately 5 cm apart
and centered on the pain site (Figure 2b). Conventional TENS
parameters included: 100 Hz frequency, 100 us pulse width, and
a balanced biphasic square waveform. The intensity range of the
TENS device is fixed at 0-35mA and can be continuously
adjusted within this range. In this study, the intensities received
by the participants were mostly concentrated in the range of 15-
25 mA.

2.5 Stepping-over obstacle test

Each participant walked at a self-selected pace on an 8-m
walkway and stepped over an obstacle with a height of 20% of
each participant’s leg length (29). Two force platforms
(90%60*10 cm, AMTI, BP600900, USA) were placed adjacent
with the long edges and on either side of the obstacle
(Figure 3a). The trailing leg steps on the near side of the force
platform first, and then the leading leg steps on the far side of
the force platform on the other side of the obstacle. Before the
tests, the participants were asked to familiarize themselves with
the obstacle-stepping process. Forty-three markers were placed
on bony landmarks according to the protocol 13-segment whole
body model. Three-dimensional kinematics data were collected
by a twelve-camera motion analysis system (Vicon, Oxford
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FIGURE 2

Illustration of tDCS electrode and TENS surface electrode placement. (a) The illustration of the tDCS electrode placement. The anode electrode was
placed over the M1 on the contralateral primary motor cortex (M1) of the affected knee, the cathode electrode was placed over supraorbital (SO) area.
(b) The illustration of the TENS electrode placement. Two surface electrodes were placed opposite each other on the medial and lateral sides of the

knee joints. tDCS, transcranial direct current stimulation; TENS, transcutaneous electrical nerve stimulation.

Vicon cameras.

Force plate #1

v

~ Forceplate#2

Obstacle

‘Walking direction
e

c Vertical Force-Time Curve d Horizontal (Anterior-Posterior) Force-Time Curve
Body weight
5% First Peak
g Force Second g j\
F
= o £ Time Time to Max
Force Min propulsive Force

leading leg

Time to First Peak Time to First Min

FIGURE 3

Time to Second Peak

Diagram of the obstacle-crossing setup and variables. (a) Obstacle and the force platforms setup. (b) Diagram of stepping over the obstacle.
(c) Vertical ground reaction force-time curve. (d) Horizontal (anterior—posterior) ground reaction force—time curves.

Metrics Ltd., UK) at 100 Hz. The kinematic data were internally
synchronized with the ground reaction force data collected using
the force platforms at 1,000 Hz. Each participant was instructed
to step over the obstacle using their affected leg (Figure 3b).
Three successful trials were collected, a successful trial was
defined as a trial the participants used the affected leg as the
leading leg and had no contact with the obstacles, and no gait
adjustments were adopted during the process.
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2.6 Pain scores

Visual analog scale (VAS) was used to assess patient’s pain
(30). It consists of a 10-cm horizontal line with endpoints
labeled “0” “10”
Participants were instructed to mark their pain level on the line
immediately after crossing the obstacle at weeks 0 and 7. Higher
scores indicate greater pain intensity.

(no pain) and (worst possible pain).
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2.7 Variables

Foot clearance was determined as vertical height between
the lowest point on the leading foot and obstacle when the
foot was directly over the obstacle (29). Crossing velocity was
calculated as the mean anterior-posterior velocity of the
center of mass during the stepping-over stride cycle,
beginning at the trailing leg heel-strike on the force platform,
ending at the next heel-strike of the same leg (31). Hip and
knee flexion and ankle dorsiflexion angles were measured as
joint Euler angles when the toe marker of the leading leg was
directly above the obstacle.

Vertical impulse was computed by integrating the vertical
ground reaction force (VGRF)-time curve of the trailing limb
from trailing limb heel contact (detected when vGRF >20 N) to
trailing limb toe-off (VGRF <20 N). Propulsive impulse was
computed by integrating the anterior-posterior ground reaction
force (AP GRF)-time curve of the trailing limb during the
propulsion phase, defined as the period from the transition to
positive AP GRF (forward-directed force) to trailing limb toe-off
(VRF <20 N). Stepping height was defined as the maximum
vertical distance between the heel marker of the leading limb
and the ground surface during the swing phase. Support time
was defined as the duration from heel strike of the trailing limb
to toe-off of the same limb during obstacle negotiation,
measured using force platform data (vertical ground reaction
force >20 N threshold).

2.8 Data reduction

Helen Hayes Model in Visual-3D software (C-motion,
Germantown, MD) was uesed to process with data. Joint
angles were computed via Euler rotations, and hip, knee, and
ankle joint centers were determined from marker positions
and participant-specific anatomical measurements. Vertical
impulse was calculated as the time-integrated vertical GRF
during stance phase (Figure 3c), whereas propulsive impulse
represented the time integrated anterior-posterior GRF
component. GRF were sampled at 1,000 Hz, normalized by
body weight (BW) to enable inter-subject comparisons and
expressed as a percentage of stance phase duration
(Figure 3d). The kinematic and kinetic data were filtered
using a fourth-order low-pass Butterworth filter with cutoff
frequencies of 6 and 50 Hz (32). Vertical and propulsive
impulse was derived from normalized force-time data using

trapezoidal-rule integration.

2.9 Statistics

The normality of data was verified using Shapiro-Wilk tests.
Mixed-design two-way ANOVAs were used to verify the main
effects of group (tDCS+ TENS vs. TENS) and time (week0 vs.

week7), and their interactions. If a significant interaction

Frontiers in Sports and Active Living

10.3389/fspor.2025.1631357

was detected, Bonferroni adjusted post hocs would be
conducted. Partial eta square(7;) was used to represent the
effect size of main effects and interactions. The thresholds for
nf, were as follows: 0.01-0.06, small; 0.06-0.14, moderate;
>0.14, large (33). Cohen’s d was used to represent the effect
size of the post hoc comparisons. The thresholds for d were as
follows: <0.20, trivial; 0.21-0.50, small; 0.51-0.80, medium;
>0.81, large (34). The significance level is set to 0.05, and
p-value less than the level indicates a statistically significant
result, meaning the observed data provide strong evidence

against the null hypothesis.

3 Results

All dependent variables exhibited normal distribution, as
verified through Shapiro-Wilk tests (p>0.05). Chi-square tests
revealed no statistically significant differences in sex (p=0.795)
and the side of the more affected leg (p=0.795) between the
two groups.
significant differences in age (p=0.828), height (p=0.196),
body mass (p =0.055), and body mass index (p = 0.078) between
the groups (Table 1).

Independent t-tests indicated no statistically

3.1 Primary outcomes

As shown in Figure 4, significant time x group interactions
were detected for pain score (p=0.002, 11123 =0.378), which
decreased in both groups from week, to week; (tDCS + TENS:
p<0.001, d=2.892; TENS: p<0.001, d=1.232), with greater
reductions observed in the tDCS + TENS group compared to the
TENS group. Significant time X group interactions were observed
in crossing velocity (p<0.001, 5;=0.588) and foot clearance
(p=0.038, nf, =0.190). Crossing velocity (tDCS + TENS:
p<0.001, d=0.936; TENS: p=0.022, d=0.223) and foot
clearance (tDCS+TENS: p<0.001, d=0.283; TENS: p=0.027
d=0.256) increased in both groups from week, to week;, with
greater improvements observed in the tDCS+ TENS group
compared to the TENS group.

TABLE 1 Baseline characteristics.

Group tDCS + TENS TENS group
group (n=12) (n=11)

(7, 58.3%), M (5, 41.7%) F (7, 63.6%), 0.795
M (4, 36.4%)
Affected leg R (7, 58.3%), L (5, 41.7%) R (7, 63.6%), 0.795
L (4, 36.4%)
Age (y) 67.7£5.0 67.5%5.1 0.828
Height (cm) 159.2+6.8 163.5+10.0 0.196
Body mass (kg) 66.4+6.8 69.1 +12.6 0.055
BMI (kg/mz) 262+1.7 25.7+2.8 0.078

Data were presented as mean + standard deviation. Chi-square tests were used to compare
differences in sex, and side of the affected leg. Independent t-tests were used to compare
differences in age, height, body mass and BMI between the tDCS + TENS and TENS groups.
F, female; M, male; R, right; L, left; tDCS, transcranial direct current stimulation; TENS,
transcutaneous electrical nerve stimulation.
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FIGURE 4
Primary outcomes. tDCS, transcranial direct current stimulation; TENS, transcutaneous electrical nerve stimulation.

3.2 Secondary outcomes

As shown in Figure 5. Significant time x group interactions
were detected in hip flexion (p < 0.001, nf,= 0.390), knee flexion
(p=0.041, nf, =0.185), and ankle dorsiflexion (p<0.001,
np=0.496) angles. They increase in both groups from week, to
week;, with the tDCS+TENS group showing greater
improvements than the TENS group (tDCS + TENS: hip flexion
p<0.001, d=1.632; knee flexion p<0.001, d=1.117; ankle
dorsiflexion p<0.001, d=1.795 TENS: hip flexion p=0.048,
d=0.527; knee flexion p=0.001, d=0.413; ankle dorsiflexion
p<0.001, d=1.405).

Significant time x group interactions were detected for vertical
impulse (p =0.004, 77 =0.339), which decreases in both groups
from week, to week; (tDCS + TENS: p <0.001, d=1.571; TENS:
p=0.042, d=0.724), and greater reductions in the tDCS + TENS
group compared to the TENS group. Additionally, a significant
main effect of intervention was detected for propulsive impulse
in both groups (p <0.001, 77 = 0.638).

Significant time x group interactions were detected for
sptepping height (p =0.006, 75 =0.311) which increased in both
groups from week0 to week?7 (tDCS + TENS: p < 0.001, d = 1.897;

Frontiers in Sports and Active Living

TENS: p<0.001, d=1), with greater improvements observed in
the tDCS+TENS group compared to the TENS group.
Significant time x group interactions were detected for support
time (p=0.004, y,=0.334) which increased in both groups
from week0 to week7 (tDCS + TENS: p <0.001, d =1.307; TENS:
p<0.001, d=0.767, with greater reductions observed in the
tDCS + TENS group compared to the TENS group.

4 Discussion

The purpose of this study was to verify the effect of tDCS
combined with TENS on pain and gait patterns during stepping
over obstacle among older adults with KOA. These results
supported hypotheses # 1 and 2, by pointing out that both
interventions relieve pain and improving gait patterns during
stepping over obstacles among older adults with KOA, while
tDCS + TENS training has better effects.

Our study showed that both interventions were effective in
reducing pain, while tDCS + TENS had better effects in older
adults with KOA. The finding is supported by a previous study,
which indicated that combination of tDCS and TENS is more
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Secondary outcomes. tDCS, transcranial direct current stimulation; TENS, transcutaneous electrical nerve stimulation.
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effective in relieving pain for individuals with KOA than using
TENS or tDCS only (35). According to the classic gate control
theory, pain perception is regulated by a gating mechanism in
the spinal cord. In the dorsal horn, central transmitting cells,
T-cells
nociceptive signals. Glial cells and inhibitory interneurons

known as (transmission cells), act as relays for
function as a “gate” by modulating input to T-cells. This gate is
regulated by signals from large-diameter and small-diameter
fibers, the former closes the gate while the later opens the gate.
TENS works by activating large-fiber fibers, thereby enhancing
the inhibitory effect of interneurons and closing the gate to
block peripheral nociceptive input (20, 36). However, in chronic
KOA, persistent peripheral inflammation may lead to central
sensitization. tDCS, in contrast, promotes neural plasticity by
modulating thalamocortical circuits and synaptic plasticity,
which reduces abnormal neuronal discharges associated with
central sensitization and alleviates chronic pain-related
hyperalgesia (37). TENS reduces peripheral nociceptive input,
while tDCS suppresses central pain amplification. Together,
these interventions synergistically attenuate pain by targeting
both peripheral and central mechanisms.

Our study demonstrated that both interventions were effective
in increasing foot clearance during obstacle-stepping in older
adults with KOA, while tDCS + TENS yielded superior effects to
TENS alone, likely due to two factors. Firstly, adequate toe
clearance relies on sufficient hip and knee flexion and ankle
dorsiflexion (38);

combined tDCS and TENS significantly increased these joint

our secondary outcomes revealed that
angles during obstacle-stepping in this population, supported by
prior research showing both TENS and tDCS can improve joint

range of motion during functional tasks (39). Secondly,
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adequate toe clearance may also stem from higher vertical
impulse in the trailing leg and increased spanning height, as our
secondary outcomes indicated that combined tDCS+ TENS
outperformed TENS alone in this regard. During obstacle-
stepping, limb control depends on joint movement; TENS
alleviates knee pain via spinal gating mechanisms (Ap-fiber
activation) and endogenous f-endorphin release, which reduces
pain-induced inhibition of quadriceps
This knee
dorsiflexion during the swing phase while simultaneously

and gastrocnemius
activation  (40). improves flexion and ankle
strengthening push-off forces and increasing spanning height
through enhanced muscle activation. The generated greater
vertical impulse directly results in improved foot clearance
during obstacle-stepping. tDCS effects target central neural
networks to amplify motor control and propulsion efficiency.
Anodal tDCS applied over the primary motor cortex (M1)
contralateral to the affected knee enhances corticospinal tract
excitability (41), increasing the firing rate of pyramidal neurons
and improving the synchronization of motor unit recruitment in
lower limb muscles. This heightened cortical drive optimizes
joint movement control, enabling more precise regulation of
hip, knee, and ankle angles, strengthening push-off forces and
increasing spanning height, ultimately enhancing foot clearance.
Together, these interventions synergistically amplifies both joint
mobility and propulsion efficiency, thereby achieving greater
tDCS
neuronal firing rates by boosting excitability in intracortical and

foot clearance during obstacle-stepping. enhances
subcortical networks and promoting synaptic plasticity (42),
thereby improving joint movement control and strengthening
push-off forces, ultimately enhancing foot clearance. Together,

these interventions synergistically amplifies both joint mobility
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and propulsion efficiency, thereby achieving greater foot clearance
during obstacle-stepping.

Our study demonstrated both interventions were effective in
increasing obstacle crossing velocity in older adults with KOA,
while the tDCS combined TENS is more effective than TENS
alone. The support time and time main effect of propulsive
impulse from the secondary outcomes supported both
tDCS + TENS and TENS increases crossing velocity. Firstly, tDCS
improved motor unit synchronization in the plantarflexors,
increasing the rate of force development during push-off (41).
This allowed the support leg to generate sufficient propulsion in
less time, shortening support duration without compromising
stability. TENS reduced pain-related muscle inhibition, allowing
the quadriceps and gluteals to better stabilize the knee and hip
during support, reducing the need for prolonged ground contact
(40). Sencondly, tDCS induces cortical depolarization in the
primary motor cortex (MI1), increasing corticospinal tract
excitability (41). This neuromodulatory effect refines the coupling
between cortical motor commands and peripheral muscle
activation, minimizing delays between neural
This  effect

synchronization of plantarflexor muscles, enhancing push-off

input and
mechanical  output. improves motor  unit
force generation during terminal stance phase. TENS activates
Ap-fiber mediated spinal gating and promotes f-endorphin
release. These mechanisms reduce in pain-related muscle
inhibition directly enhance joint kinematics during propulsion
(40). By relieving quadriceps inhibition, TENS enables fuller knee
extension during late stance, a movement that increases the
leverage of the support leg. This extended knee position shifts the
body’s COM forward relative to the support foot, amplifying the
mechanical advantage for generating forward momentum (11).
Simultaneously, reduced inhibition of plantarflexors promotes
greater ankle plantarflexion during push-off, which augments the
force of propulsion (12). However, the lack of time by group
interaction in propulsive impulse indicated that there are other
factors attribute to the superior effects of tDCS combined TENS
intervention, which may be attribute to the two factors. Firstly,
tDCS augments proprioceptive signal integration through anodal
stimulation of the primary motor cortex (M1), which increases
neuronal excitability in this region, thereby improving the
processing of proprioceptive inputs from muscles and joints (e.g.,
signals from muscle spindles and Golgi tendon organs) (43). This
enhanced integration refines real-time perception of limb position
and movement dynamics, enabling patients to rapidly adjust foot
trajectory and joint angles during stepping. By minimizing
positional errors that typically induce deceleration or hesitation,
the intervention optimizes movement efficiency, ultimately
elevating overall crossing speed.Secondly, tDCS applied over the
primary motor cortex (M1) enhances multi-joint coordination
through synchronized activation of synergistic neural networks
across the ankle, knee, and hip joints by modulating corticospinal
excitability —and (44).  This

optimization during  obstacle

thalamocortical ~ connectivity

reduces kinematic  delays
negotiation, such as inadequate toe clearance or excessive swing-
leg flexion, leading to smoother gait transitions and increased

overall speed.

Frontiers in Sports and Active Living

10.3389/fspor.2025.1631357

This study has limitations. First, there was no follow-up
after the 6-week intervention; it cannot be determined how
long the effect of the intervention on relieving pain and
improving gait patterns during stepping over obstacles in
older adults with KOA lasted. Second, the obstacle height
was set at only 20% of leg length; incorporating additional
heights could enhance the generalizability of the findings.
Third, this study included older adults with both unilateral
and bilateral KOA, but the gait patterns for stepping over
obstacles may differ. Additionally, this study highlights the
temporal aspects of ground reaction forces during gait but
doesn’t explore how individual joints contribute to gait
Future should
data to better
biomechanical changes in KOA patients. Machine learning,

pattern  differences. research integrate

kinematic and  kinetic understand
which has been effective in identifying key gait features
subtle (45, 46), could be

particularly useful. Using these techniques may help clarify

and movement differences
each joint’s role in gait variability, improving diagnostic

accuracy and guiding targeted interventions.

5 Conclusion

Both the combination of tDCS and TENS and TENS-only
were effective in relieving pain and improving gait patterns
during obstacle crossing in older adults with KOA, while the
combination of tDCS and TENS had superior efficacy. These
findings support the integration of tDCS as an adjunctive
neuromodulatory strategy to amplify the therapeutic benefits of
TENS in this population.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of Exercise Science, Shandong Sport University. The
studies were conducted in accordance with the local legislation
and institutional requirements. The participants provided their
written informed consent to participate in this study. Written
informed consent was obtained from the individual(s) for the
publication of any potentially identifiable images or data
included in this article.

Author contributions

XZ: Data curation, Writing - original draft. DW: Data
curation, Formal analysis, Writing - review & editing.

frontiersin.org



Zhang et al.

QinS: Data curation, Formal analysis, Writing - review &
editing. XL: Writing - review & editing. YG: Writing -
editing. PS: Data curation, Methodology,
editing. QipS: Conceptualization,
Funding acquisition, Methodology, Project administration,

review &
Writing - review &

Supervision, Writing - review & editing.

Funding

The author(s) declare that financial support was received
for the research and/or publication of this article. This work
was supported by the General Administration of Sport of
China [grant number No. 12572369], the National Natural
Science Foundation of China [grant number No. 12102235]
University 2024 Graduate Student

Research Project number

and Beijing Sport
Top-notch Innovative
No. 2024021].

[grant

Acknowledgments

Investigators are listed alphabetically: B. W., D. W,, P. S, Q. S,,
X. L, and Y. G. The authors thank the participants for their
commitment during the study without whom this research
would not have been possible.

References

1. Zhang Y, Jordan JM. Epidemiology of osteoarthritis. Clin Geriatr Med. (2010)
26(3):355-69. doi: 10.1016/j.cger.2010.03.001

2. Dunlop DD, Manheim LM, Yelin EH, Song J, Chang RW. The costs of arthritis.
Arthritis Care Res (Hoboken). (2003) 49(1):101-13. doi: 10.1002/art.10913

3. Duong V, Oo WM, Ding C, Culvenor AG, Hunter DJ. Evaluation and
treatment of knee pain: a review. JAMA. (2023) 330(16):1568-80. doi: 10.1001/
jama.2023.19675

4. Chou LS, Draganich LF. Stepping over an obstacle increases the motions and
moments of the joints of the trailing limb in young adults. J Biomech. (1997)
30(4):331-7. doi: 10.1016/S0021-9290(96)00161-3

5. Brandt KD, Dieppe P, Radin E. Etiopathogenesis of osteoarthritis medical. Clin
North America. (2009) 93(1):1-24. doi: 10.1016/j.mcna.2008.08.009

6. Tinetti ME, Doucette ], Claus E, Marottoli R. Risk factors for serious injury
during falls by older persons in the community. ] Am Geriatr Soc. (1995)
43(11):1214-21. doi: 10.1111/j.1532-5415.1995.tb07396.x

7. Woods C, Hawkins R, Hulse M, Hodson A. The football association medical
research programme: an audit of injuries in professional football-analysis of
preseason injuries. Br ] Sports Med. (2002) 36(6):436-41. discussion 41. doi: 10.
1136/bjsm.36.6.436

8. Lai DT, Taylor SB, Begg RK. Prediction of foot clearance parameters as a
precursor to forecasting the risk of tripping and falling. Hum Mov Sci. (2012)
31(2):271-83. doi: 10.1016/j.humov.2010.07.009

9. Pandya NK, Draganich LF, Mauer A, Piotrowski GA, Pottenger L. Osteoarthritis
of the knees increases the propensity to trip on an obstacle. Clin Orthop Relat Res.
(2005) (431):150-6. doi: 10.1097/01.bl0.0000150316.97009.f2

10. Gao B, Li L, Shen P, Zhou Z, Xu P, Sun W, et al. Effects of proprioceptive
neuromuscular facilitation stretching in relieving pain and balancing knee loading
during stepping over obstacles among older adults with knee osteoarthritis: a
randomized controlled trial. PLoS One. (2023) 18(2):e0280941. doi: 10.1371/
journal.pone.0280941

11. Hsiao H, Knarr BA, Higginson JS, Binder-Macleod SA. Mechanisms to increase
propulsive force for individuals poststroke. ] Neuroeng Rehabil. (2015) 12:40. doi: 10.
1186/512984-015-0030-8

Frontiers in Sports and Active Living

10.3389/fspor.2025.1631357

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever
possible. If you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

12. Begg RK, Sparrow WA, Lythgo ND. Time-domain analysis of foot-ground
reaction forces in negotiating obstacles. Gait Posture. (1998) 7(2):99-109. doi: 10.
1016/S0966-6362(97)00039-8

13. Michael JW, Schliiter-Brust KU, Eysel P. The epidemiology, etiology, diagnosis,
and treatment of osteoarthritis of the knee. Dtsch Arztebl Int. (2010) 107(9):152-62.
doi: 10.3238/arztebl.2010.0152

14. Zhang Q, Yao Y, Chen Y, Ren D, Wang P. A retrospective study of biological
risk factors associated with primary knee osteoarthritis and the development of a
nomogram model. Int ] Gen Med. (2024) 17:1405-17. doi: 10.2147/IJGM.S454664

15. Li W, Pan Y, Yang Q, Guo ZG, Yue Q, Meng QG. Extracorporeal shockwave
therapy for the treatment of knee osteoarthritis: a retrospective study. Medicine
(Baltimore). (2018) 97(27):e11418. doi: 10.1097/MD.0000000000011418

16. Wang Z, Xu H, Wang Z, Zhou H, Diao J, Zhang L, et al. Effects of externally-
applied, non-pharmacological interventions on short- and long-term symptoms and
inflammatory cytokine levels in patients with knee osteoarthritis: a systematic review
and network meta-analysis. Front Immunol. (2023) 14:1309751. doi: 10.3389/fimmu.
2023.1309751

17. Wu Y, Zhu F, Chen W, Zhang M. Effects of transcutaneous electrical nerve
stimulation (TENS) in people with knee osteoarthritis: a systematic review and
meta-analysis. Clin Rehabil. (2022) 36(4):472-85. doi: 10.1177/02692155211065636

18. Zeng C, Li H, Yang T, Deng ZH, Yang Y, Zhang Y, et al. Electrical stimulation
for pain relief in knee osteoarthritis: systematic review and network meta-analysis.
Osteoarthritis Cartilage. (2015) 23(2):189-202. doi: 10.1016/j.joca.2014.11.014

19. Liao CD, Chen HC, Huang MH, Liou TH, Lin CL, Huang SW. Comparative
efficacy of intra-articular injection, physical therapy, and combined treatments on
pain, function, and sarcopenia indices in knee osteoarthritis: a network meta-
analysis of randomized controlled trials. Int ] Mol Sci. (2023) 24(7):6078. doi: 10.
3390/ijms24076078

20. Melzack R, Wall PD. Pain mechanisms: a new theory. Science. (1965)
150(3699):971-9. doi: 10.1126/science.150.3699.971

21. Wu YL, Luo Y, Yang JM, Wu YQ, Zhu Q, Li Y, et al. Effects of transcranial
direct current stimulation on pain and physical function in patients with knee
osteoarthritis: a systematic review and meta-analysis. BMC Musculoskelet Disord.
(2024) 25(1):703. doi: 10.1186/512891-024-07805-3

frontiersin.org


https://doi.org/10.1016/j.cger.2010.03.001
https://doi.org/10.1002/art.10913
https://doi.org/10.1001/jama.2023.19675
https://doi.org/10.1001/jama.2023.19675
https://doi.org/10.1016/S0021-9290(96)00161-3
https://doi.org/10.1016/j.mcna.2008.08.009
https://doi.org/10.1111/j.1532-5415.1995.tb07396.x
https://doi.org/10.1136/bjsm.36.6.436
https://doi.org/10.1136/bjsm.36.6.436
https://doi.org/10.1016/j.humov.2010.07.009
https://doi.org/10.1097/01.blo.0000150316.97009.f2
https://doi.org/10.1371/journal.pone.0280941
https://doi.org/10.1371/journal.pone.0280941
https://doi.org/10.1186/s12984-015-0030-8
https://doi.org/10.1186/s12984-015-0030-8
https://doi.org/10.1016/S0966-6362(97)00039-8
https://doi.org/10.1016/S0966-6362(97)00039-8
https://doi.org/10.3238/arztebl.2010.0152
https://doi.org/10.2147/IJGM.S454664
https://doi.org/10.1097/MD.0000000000011418
https://doi.org/10.3389/fimmu.2023.1309751
https://doi.org/10.3389/fimmu.2023.1309751
https://doi.org/10.1177/02692155211065636
https://doi.org/10.1016/j.joca.2014.11.014
https://doi.org/10.3390/ijms24076078
https://doi.org/10.3390/ijms24076078
https://doi.org/10.1126/science.150.3699.971
https://doi.org/10.1186/s12891-024-07805-3

Zhang et al.

22.Ji RR, Nackley A, Huh Y, Terrando N, Maixner W. Neuroinflammation and
central sensitization in chronic and widespread pain. Anesthesiology. (2018) 129
(2):343-66. doi: 10.1097/ALN.0000000000002130

23. Zheng X, Reneman MF, Echeita JA, Schiphorst Preuper RH, Kruitbosch H,
Otten E, et al. Association between central sensitization and gait in chronic low
back pain: insights from a machine learning approach. Comput Biol Med. (2022)
144:105329. doi: 10.1016/j.compbiomed.2022.105329

24. Pollonini L, Miao H, Ahn H. Longitudinal effect of transcranial direct current
stimulation on knee osteoarthritis patients measured by functional infrared spectroscopy:
a pilot study. Neurophotonics. (2020) 7(2):025004. doi: 10.1117/1.NPh.7.2.025004

25. Kenney-Jung DL, Blacker CJ, Camsari DD, Lee JC, Lewis CP. Transcranial
direct current stimulation: mechanisms and psychiatric applications. Child Adolesc
Psychiatr Clin N Am. (2019) 28(1):53-60. doi: 10.1016/j.chc.2018.07.008

26. Lozano-Meca ], Montilla-Herrador J, Gacto-Sdnchez M. The effects of
combined transcranial direct current stimulation with physiotherapy for physical
function in subjects with knee osteoarthritis: a systematic review and meta-analysis.
Physiother Theory Pract. (2025) 41(4):844-60. doi: 10.1080/09593985.2024.2360570

27. Xia CY, Niu HZ, Zhang XW, Cai SY, Fan Y], Xie TP, et al. Transcranial direct
current stimulation enhances the efficacy of wearable transcutaneous electrical nerve
stimulation for mild knee osteoarthritis in the middle-aged person: a randomized
controlled trial. BMC Musculoskelet Disord. (2025) 26(1):684. doi: 10.1186/s12891-
025-08924-1

28. Altman R, Asch E, Bloch D, Bole G, Borenstein D, Brandt K, et al. Development
of criteria for the classification and reporting of osteoarthritis. Classification of
osteoarthritis of the knee. Diagnostic and therapeutic criteria committee of the
American  rheumatism.  Association  Arthritis and  Rheumatism. (1986)
29(8):1039-49. doi: 10.1002/art.1780290816

29. Lu TW, Chen HL, Wang TM. Obstacle crossing in older adults with medial
compartment knee osteoarthritis. Gait Posture. (2007) 26(4):553-9. doi: 10.1016/j.
gaitpost.2006.12.002

30. Alghadir AH, Anwer S, Igbal A, Igbal ZA. Test-retest reliability, validity, and
minimum detectable change of visual analog, numerical rating, and verbal rating
scales for measurement of osteoarthritic knee pain. J Pain Res. (2018) 11:851-6.
doi: 10.2147/JPR.S158847

31. Chou LS, Kaufman KR, Hahn ME, Brey RH. Medio-lateral motion of the center
of mass during obstacle crossing distinguishes elderly individuals with imbalance.
Gait Posture. (2003) 18(3):125-33. doi: 10.1016/50966-6362(02)00067-X

32. Shull PB, Silder A, Shultz R, Dragoo JL, Besier TF, Delp SL, et al. Six-week gait
retraining program reduces knee adduction moment, reduces pain, and improves
function for individuals with medial compartment knee osteoarthritis. J Orthop
Res. (2014) 32(2):351-2. doi: 10.1002/jor.22512

33. Pierce CA, Block RA, Aguinis H. Measurement P. Cautionary note on reporting
eta-squared values from multifactor ANOVA designs. Educ Psychol Meas. (2004)
64(6):916-24. doi: 10.1177/0013164404264848

34. Cohen J. Statistical power analysis for the behavioral sciences (2 ed [M].
Statistical power analysis for the behavioral sciences (1988).

Frontiers in Sports and Active Living

10

10.3389/fspor.2025.1631357

35. Chaturvedi R, Joshi S. Effect of transcranial direct current stimulation (tDCS)
and transcutaneous electrical nerve stimulation (TENS) in knee osteoarthritis.
Physiother Quart. (2021) 29(3):68-75. doi: 10.5114/pq.2021.105887

36. Zhu X, Wei F, Li S, Zhang T, Shen P, Fong DT, et al. Toe-out landing reduces
anterior talofibular ligament strain while maintains calcaneofibular ligament strain in
people with chronic ankle instability. J Sport Health Sci. (2025):101035. doi: 10.1016/j.
jshs.2025.101035

37. Montilla-Herrador ], Lozano-Meca J, Lozano-Guadalajara JV, Gacto-Sanchez
M. The efficacy of the addition of tDCS and TENS to an education and exercise
program in subjects with knee osteoarthritis: a randomized controlled trial.
Biomedicines. (2024) 12(6):1186. doi: 10.3390/biomedicines12061186

38. Chiou SS, Turner N, Zwiener ], Weaver DL, Haskell WE. Effect of boot
weight and sole flexibility on gait and physiological responses of firefighters in
stepping over obstacles. Hum Factors. (2012) 54(3):373-86. doi: 10.1177/
0018720811433464

39. Dumont AJL, Cimolin V, Parreira RB, Armbrust D, Fonseca DRP, Fonseca AL,
et al. Effects of transcranial direct current stimulation combined with treadmill
training on kinematics and spatiotemporal gait variables in stroke survivors: a
randomized, triple-blind, sham-controlled study. Brain Sci. (2022) 13(1). doi: 10.
3390/brainscil3010011

40. Pietrosimone B, Luc-Harkey BA, Harkey MS, Davis-Wilson HC, Pfeiffer SJ,
Schwartz TA, et al. Using TENS to enhance therapeutic exercise in individuals
with knee osteoarthritis. Med Sci Sports Exercise. (2020) 52(10):2086-95. doi: 10.
1249/MSS.0000000000002353

41. Xiao S, Wang B, Zhang X, Zhou J, Fu W. Systematic review of the impact of
transcranial direct current stimulation on the neuromechanical management of
foot and ankle physical performance in healthy adults. Front Bioeng Biotechnol.
(2020) 8:587680. doi: 10.3389/fbioe.2020.587680

42. Ahn H, Sorkpor S, Miao H, Zhong C, Jorge R, Park L, et al. Home-based self-
administered transcranial direct current stimulation in older adults with knee
osteoarthritis pain: an open-label study. J Clin Neurosci. (2019) 66:61-5. doi: 10.
1016/j,jocn.2019.05.023

43. Malik RN, Cote R, Lam T. Sensorimotor integration of vision and
proprioception for obstacle crossing in ambulatory individuals with spinal cord
injury. J Neurophysiol. (2017) 117(1):36-46. doi: 10.1152/jn.00169.2016

44. Wang IL, Gu CY, Lei TH, Chen CH, Chiu CH, Su Y. The effect of transcranial
direct current stimulation on bilateral asymmetry and joint angles of the lower limb
for females when crossing obstacles. BMC Sports Sci Med Rehabil. (2023) 15(1):176.
doi: 10.1186/s13102-023-00793-2

45. Xu D, Zhou H, Quan W, Jiang X, Liang M, Li S, et al. A new method proposed
for realizing human gait pattern recognition: inspirations for the application of sports
and clinical gait analysis. Gait Posture. (2024) 107:293-305. doi: 10.1016/j.gaitpost.
2023.10.019

46. Xu D, Quan W, Zhou H, Sun D, Baker JS, Gu Y. Explaining the differences of
gait patterns between high and low-mileage runners with machine learning. Sci Rep.
(2022) 12(1):2981. doi: 10.1038/s41598-022-07054-1

frontiersin.org


https://doi.org/10.1097/ALN.0000000000002130
https://doi.org/10.1016/j.compbiomed.2022.105329
https://doi.org/10.1117/1.NPh.7.2.025004
https://doi.org/10.1016/j.chc.2018.07.008
https://doi.org/10.1080/09593985.2024.2360570
https://doi.org/10.1186/s12891-025-08924-1
https://doi.org/10.1186/s12891-025-08924-1
https://doi.org/10.1002/art.1780290816
https://doi.org/10.1016/j.gaitpost.2006.12.002
https://doi.org/10.1016/j.gaitpost.2006.12.002
https://doi.org/10.2147/JPR.S158847
https://doi.org/10.1016/S0966-6362(02)00067-X
https://doi.org/10.1002/jor.22512
https://doi.org/10.1177/0013164404264848
https://doi.org/10.5114/pq.2021.105887
https://doi.org/10.1016/j.jshs.2025.101035
https://doi.org/10.1016/j.jshs.2025.101035
https://doi.org/10.3390/biomedicines12061186
https://doi.org/10.1177/0018720811433464
https://doi.org/10.1177/0018720811433464
https://doi.org/10.3390/brainsci13010011
https://doi.org/10.3390/brainsci13010011
https://doi.org/10.1249/MSS.0000000000002353
https://doi.org/10.1249/MSS.0000000000002353
https://doi.org/10.3389/fbioe.2020.587680
https://doi.org/10.1016/j.jocn.2019.05.023
https://doi.org/10.1016/j.jocn.2019.05.023
https://doi.org/10.1152/jn.00169.2016
https://doi.org/10.1186/s13102-023-00793-2
https://doi.org/10.1016/j.gaitpost.2023.10.019
https://doi.org/10.1016/j.gaitpost.2023.10.019
https://doi.org/10.1038/s41598-022-07054-1

	Effects of tDCS combined with TENS in relieving pain and improving gait patterns during stepping over obstacles among older adults with knee osteoarthritis
	Introduction
	Materials and methods
	Sample size estimate
	Participants
	Transcranial direct current stimulation (tDCS) intervention
	Transcutaneous electrical nerve stimulation (TENS) intervention
	Stepping-over obstacle test
	Pain scores
	Variables
	Data reduction
	Statistics

	Results
	Primary outcomes
	Secondary outcomes

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


