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Transcutaneous Spinal Stimulation and
Short-Burst Interval Treadmill Training in

Children With Cerebral Palsy: A Pilot Study
Siddhi R. Shrivastav , Charlotte R. DeVol , Victoria M. Landrum , Kristie F. Bjornson, Desiree Roge ,

Katherine M. Steele , and Chet T. Moritz

Abstract—Objective: The purpose of this pilot study was
to evaluate the effects of transcutaneous spinal cord stim-
ulation (tSCS) and short-burst interval locomotor tread-
mill training (SBLTT) on spasticity and mobility in children
with cerebral palsy (CP). Methods: We employed a single-
arm design with two interventions: SBLTT only, and tSCS
+ SBLTT, in four children with CP. Children received 24-
sessions each of SBLTT only and tSCS + SBLTT. Spas-
ticity, neuromuscular coordination, and walking function
were evaluated before, immediately after, and 8-weeks fol-
lowing each intervention. Results: Spasticity, measured
via the Modified Ashworth Scale (MAS), reduced in four
lower-extremity muscles after tSCS + SBLTT (1.40 ± 0.22),
more than following SBLTT only (0.43 ± 0.39). One-minute
walk test (1-MWT) distance was maintained during both
interventions. tSCS + SBLTT led to improvements in peak
hip and knee extension (4.9 ± 7.3° and 6.5 ± 7.7°), that
drove increases in joint dynamic range of 4.3 ± 2.4° and
3.8 ± 8.7° at the hip and knee, respectively. Children and
parents reported reduction in fatigue and improved gait
outcomes after tSCS + SBLTT. Improvements in spasticity
and walking function were sustained for 8-weeks after tSCS
+ SBLTT. Conclusion: These preliminary results suggest
that tSCS + SBLTT may improve spasticity while simultane-
ously maintaining neuromuscular coordination and walking
function in ambulatory children with CP. Significance: This
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work provides preliminary evidence on the effects of tSCS
and the combination of tSCS + SBLTT in children with CP.

Index Terms—Cerebral palsy, rehabilitation, spasticity,
transcutaneous spinal cord stimulation, treadmill training.

I. INTRODUCTION

C EREBRAL palsy (CP) is a disorder of movement and pos-
ture caused by non-progressive damage to the developing

brain. While CP is primarily a neurological disorder, it also
affects the development of neuromuscular and skeletal systems,
which negatively impacts mobility and participation in daily
activities [1], [2], [3]. Development of corticospinal circuits
are impacted in CP, leading to secondary complications such
as altered motor control and muscle spasticity [4], [5].

Eighty-five percent of children with CP present with spasticity
[6], which is characterized by a velocity-dependent increase in
muscle tone. Spasticity is a major contributor to reduced function
and increased discomfort in children with CP, limiting function
during activities such as walking [7]. Current spasticity treat-
ments such as baclofen and selective dorsal rhizotomy (SDR)
reduce spasticity but do not consistently translate to improved
muscle activity and walking function without extensive addi-
tional rehabilitation [8], [9], [10], [11]. Moreover, the long-term
effects of these treatments on motor function are rather mixed
[12], [13], [14]. Historically, treatments that reduce spasticity
have not consistently led to significant improvements in gross
motor function [15]. In ambulatory children with CP, strength
rather than spasticity is more critical for function, with a strong
correlation between strength and functional outcomes [16].
Procedures like SDR which sever spinal roots that weaken the
connections between muscles and the spinal cord, may explain
why walking function often does not improve after SDR unless
additional interventions are provided. New interventions that can
simultaneously reduce spasticity and improve walking function
are needed.

Non-invasive neuromodulation may be an alternative ap-
proach that can improve outcomes in CP when combined with
physical therapy. Transcutaneous spinal cord stimulation (tSCS)
is a novel, non-invasive neuromodulation technique that can
modulate spinal and supraspinal circuits [17], [18] especially
when implemented with physical therapy [19]. Use of tSCS
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with physical therapy has reduced spasticity and improved motor
function in children and adults with spinal cord injury, multiple
sclerosis, and CP [19], [20], [21], [22], [23], [24], [25], [26]. In
children with CP, a single session of tSCS improved coordination
of walking and muscle activation [27], while repeated sessions
with bodyweight supported treadmill training or activity-based
neurorehabilitation therapy improved walking biomechanics
and gross motor function, respectively [21], [22], [28].

While these recent results support using tSCS for children
with CP, there is limited evidence about the impacts on spas-
ticity, as well as lab- and community-based walking function in
ambulatory children with CP. We hypothesized that tSCS may
have simultaneous benefits to spasticity and mobility for children
with CP. For example, prior work proposes that tSCS may
guide reorganization of the spinal and supraspinal circuits by
amplifying sensory feedback to support organization of neural
pathways [18]. Thus, tSCS may target different mechanisms than
current spasticity treatments, such as botulinum toxin type-A
(BTA) injections, baclofen, and SDR. These treatments attempt
to reduce muscle activity by inhibiting neural pathways, but
often have side effects that result in inconsistent and unsatisfac-
tory changes to walking function without the addition of other
interventions, such as physical therapy [9].

The objective of this pilot study was to evaluate the effects
of tSCS on spasticity and mobility in children with CP. We
evaluated tSCS combined with a unique physical therapy rou-
tine specifically designed to improve mobility in children with
CP, short-burst interval locomotor treadmill training (SBLTT),
compared to SBLTT alone. SBLTT is an experimental treatment
for children with CP, which improves walking speed, endurance,
and community walking [29]. We hypothesized that tSCS com-
bined with SBLTT would reduce spasticity and improve motor
function more than SBLTT alone, and result in increased joint
range of motion and reduced demand on muscle activity during
walking and community mobility. To test this hypothesis, we
compared outcome measures at the completion of each inter-
vention, and at 8-weeks following each intervention.

II. METHODS

A. Study Design

We conducted a single-arm pilot study with two interventions
(Fig. 1). All participants received the interventions in the same
order with 24 sessions of SBLTT first followed by 24 sessions
of tSCS combined with SBLTT (tSCS + SBLTT). Outcomes
were collected at the beginning and end of each intervention
phase to evaluate the treatment effect of each intervention and
at an 8-week follow-up timepoint after each intervention. The
8-week follow-up was chosen because previous literature on
physical therapy and spinal stimulation shows that effects last
for 6-10 weeks after treatment ends, allowing us to explore the
sustained impact of the interventions [22], [29]. The follow-up
from SBLTT only (Follow-up 1) and the pre-tSCS + SBLTT
time point are the same assessments. Given the small sample
size and the known variability between participants with CP, we
concluded that treating half the children in this small pilot study
with stimulation first would create additional confounds due to

Fig. 1. (a) Short-burst interval locomotor treadmill training (SBLTT)
with contact guard assist. (b) Investigative spinal cord neuromodulation
device (SpineX, Inc.) with stimulating electrodes on the T11 and L1
dorsal spinous processes and two ground electrodes on the anterior
superior iliac spine (ASIS - not visible). (c) Spinal stimulation waveform
with 10 kHz carrier frequency. (d) Protocol timeline including the assess-
ments before and after each intervention and after 8-weeks of follow-up.
tSCS = transcutaneous spinal cord stimulation.

the documented long-term effects of spinal stimulation [20]. We
therefore chose to deliver stimulation as the second intervention.
All visits were conducted at the University of Washington, with
one exception. Due to family availability, researchers traveled
to the home of one participant (P02) for most training visits,
using a family treadmill for SBLTT. The participant visited the
lab at least once per week for assessments. All study procedures
were approved by the University of Washington Human Subjects
Division (IRB identifier: STUDY00008896) and the study was
registered at ClinicalTrials.gov (NCT04467437).

During both intervention phases, SBLTT was delivered for
30 minutes at each visit following a previously established pro-
tocol [19]. SBLTT provides intensive walking practice in which
children walk with alternating 30-second bursts of slow and fast
speeds, mimicking children’s natural walking patterns. During
SBLTT, the slow speed was kept constant across all sessions,
while the fast speed was increased within and across sessions
based on perceived exertion as measured by both clinical ob-
servation and the children’s OMNI Scale of Perceived Exertion
[30]. SBLTT was preceded by a 5-to-15-minute active warm-up
and concluded with a 5-minute active cool-down. Warm-up and
cool-down activities included overground walking, playing, or
walking at a low, steady speed on the treadmill. Children wore
their orthotic devices that they use in daily life, as described
in Table I, during all interventions for optimal biomechanical
alignment during the rigorous SBLTT protocol and to facilitate
translation to daily activities. Rest breaks were provided as
needed.

During tSCS + SBLTT, the parameters and application of the
investigative spinal cord neuromodulation device (SpineX, Inc.)
followed previously reported protocols [27]. We delivered pulses
of 1 ms at a frequency of 30 Hz with a 10 kHz carrier frequency.
Stimulation was applied using adhesive gel electrodes with the
cathodes delivering stimulation placed just below the T11 and
L1 spinous processes using 3.2 cm round electrodes to target my-
otomes of the lower extremity muscles and for consistency with
prior work [28]. The anodes, serving as the ground electrodes,
were 5.1 x 8.6 cm rectangular electrodes placed bilaterally over



SHRIVASTAV et al.: TRANSCUTANEOUS SPINAL STIMULATION AND SHORT-BURST INTERVAL TREADMILL TRAINING IN CHILDREN WITH CP 1777

TABLE I
PARTICIPANT CHARACTERISTICS

the anterior superior iliac spines (ASIS) (Fig. 1(b)). During each
visit, stimulation was applied throughout all activities, including
warm-up, SBLTT, rest breaks, and cool-down for an average
of 56 ± 10 minutes. Amplitude for the sub-motor threshold
stimulation was determined based on three factors for each
subject: 1) participant reported sensation beneath the cathodes,
2) children’s self-report of the ease of walking, and 3) a physical
therapist’s clinical observation of gait quality and participant’s
behavior. The stimulation amplitudes used for each child are
reported in Table I.

B. Participants

We enrolled ambulatory children with spastic CP and Gross
Motor Function Classification System (GMFCS) Levels I-II who
were not currently taking spasticity management medications,
did not have a history of SDR, and had not undergone a lower
extremity surgery or BTA injections in the past 1 year. Four
children with CP participated in the study (Table I). Two par-
ticipants, P02 and P03, weaned off their daily use of baclofen
2-weeks before starting the study. Another participant, P01 took
baclofen as needed prior to the study and took 5 mg once
during the SBLTT phase. Participants had not received any BTA
injections or orthopedic surgery before joining the study, except
P01 who had BTA injections 9 years prior. Children and parents
were informed of the study procedures and signed an informed
consent and age-appropriate assent form.

C. Outcome Measures

Lower limb spasticity and walking distance were the focus of
this preliminary study. Outcomes included the Modified Ash-
worth Scale (MAS), Tardieu Scale, and the 1-minute walk test
(1-MWT). MAS was assessed on the hamstrings, quadriceps,
gastrocnemius, and soleus muscles bilaterally. MAS scores were
converted into an ordinal scale, such that a value of zero indicated
no spasticity and a value of five indicated joint rigidity. We also

assessed the Tardieu Scale for the hip extensors, knee flexors
and extensors, and ankle flexors and extensors as an additional
measure of spasticity. Both the MAS and Tardieu scores were
averaged across all muscles at each timepoint, with the same
assessor each time. Walking capacity in the lab was measured
using the 1-MWT, which measures the distance walked in
one-minute and is considered a reliable measure of functional
ability and walking endurance in ambulatory children with CP
[31], [32]. One participant, P01 performed a 6-minute walk test
(6-MWT) at every time point, before we switched to the 1-MWT
to enable work with younger participants (P02-4). The 6-MWT
distances for P01 were converted to a 1-minute walking distance
by calculating the average distance walked in 1-minute for each
assessment. These tests were conducted by a Physical Therapist
who was not blinded to the study design and interventions.

Biomechanical changes in walking were also assessed at the
hip, knee, and ankle joints on each participant’s more-affected
side. Joint kinematics and muscle activity were quantified during
overground walking on a 10-meter walkway. Participants were
instructed to walk at a self-selected pace while barefoot for
a minimum of 25 steps at each assessment timepoint. Lower
extremity motion data were collected using a modified Helen-
Hayes marker set [33] and a 10- or 12-camera motion capture
system at 120 Hz (Qualisys AB, Gothenburg, SE). Data were
processed using custom MATLAB scripts (MathWorks, Nat-
ick, MA, USA) and OpenSim v4.3 (Stanford, USA) using a
23 degree-of-freedom model scaled to each individual partici-
pant [34], [35]. Across trials, the root-mean-square (RMS) and
maximum model error for all markers were below 2 cm and 4 cm,
respectively, which align with best practices for model quality
[36]. Each joint’s dynamic range was calculated as the average
change in joint angle across gait cycles, specifically knee and
hip extension to examine mechanics related to crouch gait [37].

Electromyography (EMG) data (Delsys Inc, Natick, MA)
were synchronously recorded during motion capture trials bi-
laterally for five muscles: rectus femoris (RF), vastus medialis
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(VM), biceps femoris (BF), tibialis anterior (TA), and medial
gastrocnemius (MG). Using custom MATLAB scripts, raw
EMG signals were high pass filtered (4th order Butterworth;
20 Hz), zero-centered, rectified, and low pass-filtered (4th order
Butterworth; 10 Hz). Signals were then normalized to the 95th
percentile of maximum activation across trials for that day and
reported as milli-volts/millivolts (mV/mV). Integrated muscle
activity was defined as the area under the curve for predefined
phases of the gait cycle [38] and calculated for the VM and MG
muscles during stance where muscle activity is usually increased
for gait patterns seen in children with CP [39]. Co-contraction
of antagonistic muscle pairs was defined as the co-contraction
index (CCI) calculated as:

CCI (%) = 2Iant/Itot × 100 (1)

Where Iant is the antagonistic muscle activity and Itot is the
sum of agonist and antagonist EMG activity [40]. The antagonist
muscle is the muscle that has lower muscle activity over the
duration of a CCI calculation. A lower CCI indicates less co-
contraction and more coordinated timing of muscle activation.

Walking capacity and performance were evaluated by lab- and
community-based measures. Walking speed (10-meter walk test,
10-MWT), functional mobility (Timed Up and Go, TUG), and
dynamic balance (Pediatric Balance Scale, PBS) were evaluated
in a lab-setting [41], [42], [43]. Patient-Reported Outcomes
Measurement Information System (PROMIS) Pediatric Profile-
Fatigue short form was used for child-reported level of fatigue
for all participants except P02 whose parent completed the parent
proxy form due to the child’s young age [44].

To quantify community-based walking activity, participants
wore a step counter (StepWatch, Modus Health, Edmonds, WA)
on their left ankle for seven consecutive days. Data from four
weekdays and one weekend day were included for the final
analyses. Average daily stride rates were calculated for each
participant because evidence shows that high stride rates in
natural environments indicate higher participation [45]. To eval-
uate child and parent perceptions about gait outcomes, we used
child and parent-reported questionnaires, the Gait Outcomes
Assessment List (GOAL) [46]. Total scores were calculated for
each participant and parent. Means and standard deviations were
calculated for all outcomes. Hatchfill2 was used in MATLAB to
provide color patterns in some figures [47].

III. RESULTS

We found that tSCS + SBLTT reduced spasticity with a
maintenance of walking function in all participants. Spasticity,
measured by MAS, improved by 1.4± 0.22 after tSCS+SBLTT
compared to 0.43±0.39 after SBLTT only. Average MAS scores
remained low for 8-weeks after tSCS + SBLTT but not after
SBLTT only compared to pre-intervention scores (Fig. 2(a)).
Reduced spasticity following tSCS+ SBLTT was also indicated
by the Tardieu scale. Spasticity reduced by 4.3 ± 3.0 points
after SBLTT only and 7.3 ± 4.3 points after tSCS + SBLTT.
Reduction in average Tardieu scores nearly sustained through
8-weeks follow-up after tSCS + SBLTT (Fig. 2(b)).

Fig. 2. Spasticity outcomes of (a) average Modified Ashworth Scale
(MAS) for four muscles bilaterally, (b) Tardieu Scale, as well as (c) walk-
ing distance during the 1-minute walk test (1-MWT) for each participant
before and after each intervention and after 8-weeks follow-up. SBLTT:
Short-burst interval locomotor treadmill training; tSCS: Transcutaneous
spinal cord stimulation.

The reductions in spasticity of individual muscles were
greater across the tSCS + SBLTT intervention compared to
SBLTT only except P03, who had greater reductions in ham-
strings and quadriceps muscles during SBLTT only (Fig. 3).
In general, the greatest reductions in spasticity were observed
in gastrocnemius and soleus muscles. These muscles both con-
tribute to ankle plantarflexion, with the gastrocnemius muscle
also contributing to knee flexion. Reductions in spasticity were
also observed at the hamstrings and quadriceps but were more
variable across interventions.

Distance walked during the 1-MWT was maintained through-
out both interventions (Fig. 2(c)). We observed a small increase
of 14 ± 6 meters (m) after SBLTT only and continued increase
of 10 ± 7 m after tSCS + SBLTT. These changes exceeded the
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Fig. 3. Change in muscle spasticity measured using the Modified Ashworth Scale (MAS). (a) Results averaged across all muscles bilaterally, were
lower after tSCS + SBLTT than SBLTT only. The horizontal dashed line indicates the minimum clinically important difference (MCID) for spasticity
reduction in adults post-stroke [49], as similar values are not available for children with CP. (b) Secondary outcomes of individual muscle MAS for
the more-affected side of each participant, including the hamstrings, quadriceps, gastrocnemius, and soleus. Larger negative numbers indicate
greater reductions, or improvements, in muscle spasticity.

large effect size MCID for both GMFCS level I (9 m) and II
(8.3m) [48].

We also documented more joint extension and dynamic range
of motion during walking after tSCS+SBLTT compared to after
SBLTT only. At baseline, participants exhibited increased hip
and knee flexion during stance phase of walking, characteristic
of crouch gait. During SBLTT only, participants had minimal
change in hip and knee peak extension by an average of −0.42
± 7.3° and 2.4 ± 6.6°, respectively. This may have contributed
to a change in the overall joint dynamic range of motion during
walking after SBLTT only of 2.0 ± 3.5° and −2.4 ± 11.0°
for the hip and knee, respectively. In contrast, after tSCS +
SBLTT, participants increased peak joint extension during gait,
with average improvements of 4.9± 7.3° and 6.5± 7.7°, driving
increases in joint dynamic range of motion of 4.3 ± 2.4° and 3.8
± 8.7° at the hip and knee, respectively (Fig. 4(a) and (b)).
Minimal changes were observed in joint kinematics at the ankle
(Supplemental Fig. 2).

In addition to changes in joint mechanics during tSCS +
SBLTT, all participants maintained or reduced muscle activity
in the VM and MG muscles after tSCS + SBLTT. Change in
VM activity for P01 during SBLTT Only was not included in
analysis due to a poor EMG signal at the baseline visit. Integrated
VM activity during stance increased on average 5.9 ± 12 during
SBLTT only and decreased 3.1 ± 2.5 during tSCS + SBLTT.
Integrated MG midstance decreased 0.41 ± 1.4 and 1.2 ± 1.2
during SBLTT and tSCS+ SBLTT, respectively. This resulted in
less co-contraction during tSCS + SBLTT compared to SBLTT
only between the VM and BF (SBLTT only: 5.6 ± 11%; tSCS
+ SBLTT: −18 ± 19%) and between the MG and TA (SBLTT
only: 0.43 ± 9.4%; tSCS + SBLTT: −7.9 ± 9.7%).

Participants’ walking speed improved during both interven-
tions. Specifically, walking speed, measured via the 10-MWT
improved by 0.06 ± 0.10 meters/second (m/s) after SBLTT only
and by 0.16 ± 0.25 m/s after tSCS + SBLTT (Fig. 5(a)).

We measured an increase in community mobility following
SBLTT+ tSCS. Peak stride rate in the community did not change
after SBLTT only but improved by 3.0± 4.1 strides/minute after
tSCS + SBLTT (Fig. 5(b)).

Functional mobility and balance were also assessed in the
laboratory. Average time taken to complete TUG reduced by
1.3 ± 1.6 seconds after SBLTT only, and further reduced by
0.4 ± 1.0 seconds after tSCS + SBLTT (Supplemental Fig.
2(b)). Improved TUG times after SBLTT exceeded the medium
effect size for both GMFCS level I (1.1s) and level II (0.7s) [48].
Dynamic balance as evaluated by PBS scores improved by 3.7
± 3.2 points after SBLTT only with continued improvements of
3.7 ± 5.5 points after tSCS + SBLTT (Supplemental Fig. 2(c)).

All participants reported greater reductions in fatigue after
tSCS + SBLTT compared to after SBLTT only. Participants
reported a 3.8 ± 3.0 point increase in fatigue after SBLTT
only, but a 1.0 ± 2.2 point decrease in fatigue after tSCS +
SBLTT as captured via the PROMIS (Fig. 5(c)). Child-reported
gait outcomes scores reduced by 4.3 ± 5.5 points after SBLTT
only and increased by 9.7 ± 8.5 points after tSCS + SBLTT.
Parent-reported gait outcomes scores reduced by 1.8 ± 0.96
points after SBLTT only but improved by 3.0 ± 4.1 points after
tSCS + SBLTT (Fig. 6).

Lastly, there were no serious adverse events during the study.
The only minor expected event was mild erythema around cath-
odes that resolved on its own within 15 minutes after stopping
the stimulation, which occurred three times for P01.

IV. DISCUSSION

The combination of tSCS + SBLTT led to greater improve-
ments in average spasticity compared to SBLTT only. tSCS +
SBLTT also showed changes in joint dynamic range and changes
in muscle activity during walking compared to SBLTT only.
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Fig. 4. Average joint kinematics and muscle activity during barefoot walking at a self-selected speed. The left column shows examples from P03,
other columns represent data from all participants as follows. Changes in (a) hip and (b) knee joint kinematics, (c) vastus medialis (VM) activity
and co-contraction index (CCI) between the VM and biceps femoris (BF), and (d) medial gastrocnemius (MG) activity and CCI between the MG
and tibialis anterior (TA). Arrows indicate desired direction of change for each variable, including increased hip/knee extension, increased dynamic
range of motion, decreased muscle activity during stance, and decreased co-contraction. Notes: The VM data from P01’s baseline visit is missing
from (c) due to poor EMG signal during data collection. The sample VM activity from P03 in (c) also has a consistent large artifact at heel strike,
likely due to sensor movement.

It is important to place the observed changes in spasticity in a
clinical context. MAS scores reduced after tSCS+ SBLTT more
than SBLTT alone. There is no reported minimum clinically
important difference (MCID) for the MAS in children with CP.
In adults who had a stroke, however, an average change in lower
extremity MAS of 0.73 is considered a large effect MCID [49].
All four children with CP in our study achieved this MCID for
reduction in spasticity after tSCS + SBLTT, which was also
sustained for at least two months with no further study treatment
(Fig. 3).

It is also interesting to note that families anecdotally reported
changes in clinical recommendations following participation in
the study. For P02, their physician no longer recommended SDR
and P03 was told they could remain off spasticity medication for
at least another 6 months before reassessment after spasticity

reductions observed during the tSCS + SBLTT portion of the
study.

Common, clinically available treatments of spasticity for
children with CP include BTA injections, baclofen, and SDR
surgery. BTA injections are applied intramuscularly and re-
duce muscle activity by blocking acetylcholine release from
motor neurons at the neuromuscular junction [50]. BTA in-
jections provide temporary reduction in spasticity, requir-
ing repeated injections that come with negative effects on
muscle development and reduced spasticity response on re-
peated use [10], [50]. Baclofen is a pharmacological inter-
vention option that can be taken orally or delivered via an
implanted intrathecal pump. Baclofen is a GABA-B ago-
nist and has inhibitory actions in the spinal cord to reduce
spasticity [51].
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Fig. 5. Improvements in walking capacity and performance as measured by (a) lab-based walking speed via the 10-meter walk test (10-MWT),
(b) community peak stride rate captured via StepWatch device in children’s natural environments, and (c) reduction in self-reported fatigue scores
captured via the Patient-Reported Outcomes Measurement Information System (PROMIS) Pediatric Profile Fatigue short form. Arrows indicate the
desired direction for improved function.

Fig. 6. (a) Child and (b) parent-reported total gait outcomes assessment list (GOAL) scores, and (c) child and parent reported gait pattern
appearance domain scores. Higher scores indicate better self-reported gait function. Please note that the y-axis does not begin at zero for all of
these GOAL results.

While these treatments reduce spasticity, they have certain
limitations that may constrain their use in children. For example,
baclofen may result in epilepsy, anxiety, and sleep disorders
[52], [53]. SDR is a neurosurgical procedure that permanently
transects afferent nerves in the spinal cord after which chil-
dren require intensive rehabilitation to recover to pre-SDR
function. Most importantly, these spasticity treatments do not
have long-term benefits on motor function and spasticity [10],
[12], [13]. Our pilot study showed improvements in spasticity
with sustained walking function following tSCS + SBLTT
with no serious adverse effects. More research with a longer
follow-up period is needed to understand if these effects persist.

Our findings build on prior studies of tSCS showing improved
function for children with CP where reports on spasticity have
been limited [21], [22], [27], [28]. The two prior studies that
evaluated spasticity did not report what muscles were assessed
and one did not report the change in MAS value [22], [28].
A reduction in spasticity has been observed for four children
at GMFCS Level III-V, but no effect of tSCS on spasticity
was reported for the two GMFCS Level I-II children included
in the study when tSCS was combined with activity-based

neurorehabilitation therapy [22] or when tSCS was combined
with bodyweight supported treadmill training across GMFCS
Levels I-IV [28]. The difference in results could be due to the
different physical therapy interventions utilized and how tSCS
was applied in the prior studies. One study applied tSCS at
lower amplitudes (12-18 mA at C5-6 and 10-16 mA at T11-12)
while the other had a wide range of stimulation amplitudes
(10-50 mA). In this study, stimulation amplitudes were adjusted
based on children’s tolerance and observation of their walking
patterns. The type of activity used with tSCS, as well as the
stimulation location and amplitude, may influence the efficacy
of tSCS in modulating spasticity. This emphasizes the need
for future inquiry, with subsequent work required to optimize
physical therapy paired with tSCS to positively impact spasticity,
mobility, and daily activities.

We also observed greater improvements in hip and knee exten-
sion after tSCS + SBLTT compared to SBLTT only. Increases
in hip and knee extension are characteristics of reductions in
crouch gait [54]. Reductions in spasticity at the hamstrings
and gastrocnemius may have driven increased knee extension
over 24 sessions of tSCS + SBLTT, but further investigation
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is needed [55]. These findings are similar to prior work that
found improved hip, knee [27], [28], and trunk kinematics [23]
in children with CP and spinal cord injury.

We also quantified reductions in excessive muscle activity
in the VM during tSCS + SBLTT compared to SBLTT only.
Walking with less crouch gait can reduce demand on hip and
knee extensors (i.e., integrated area of the VM and MG muscles),
as we observed here with less hamstring activity, and potentially
reduce fatigue [39]. This could explain why participants reported
greater self-reported fatigue after SBLTT only, but not after tSCS
+ SBLTT. It is also possible that tSCS + SBLTT manifested a
placebo effect on self-reported fatigue. Fatigue in CP is associ-
ated with deteriorated walking, especially as children transition
into adulthood [56]. Therefore, approaches that reduce fatigue
are a high priority for the CP community [57].

Interestingly, minimal changes were observed in ankle joint
kinematics, despite large improvements in spasticity at the ankle
(Supplemental Fig. 2). This may be because all participants wore
their community assistive devices during SBLTT, including
three participants who wore their rigid ankle foot orthoses-
footwear combination (AFO-FC) that limits movement and
sensation of the ankle. We chose to use the children’s prescribed
AFO-FC during SBLTT to maximize transfer to daily activities.
The AFO-FCs likely supported the fast-walking speeds achieved
during SBLTT but may have also reduced the sensory feedback
that tSCS aims to boost during training, and potentially limiting
therapeutic effects at the ankle. Evaluating the effects of orthoses
on training responses represents an important area for future
research.

We also observed some individual improvements in lab-based,
community-based and self-reported measures of walking func-
tion. MCIDs for the 1-MWT and TUG have been established by
Hassani et al. [48]. All participants increased walking distance
during the 1-MWT after SBLTT only and reached at least a
medium effect of the MCID, with two participants reaching the
large effect MCID. All participants also increased their walking
distance after tSCS + SBLTT, compared to pre-tSCS + SBLTT,
with only two participants reaching the large effect MCID [48].
The variability of changes in walking distance emphasizes that
different children with CP may respond differently to tSCS and
SBLTT. All participants improved their TUG performance time
after SBLTT only, with one participant reaching a large effect
MCID and another reaching a medium effect MCID. Three of
four participants further improved TUG performance time after
tSCS + SBLTT, with two participants reaching the large effect
MCID, as reported by Hassani et al. [48]. This suggests that both
SBLTT only and tSCS+SBLTT improved walking performance
in a clinically important way and tSCS + SBLTT maintained it
while spasticity was simultaneously reduced. Moreover, only
tSCS + SBLTT led to sustained improvements in spasticity and
maintained walking function 8 weeks after the intervention was
complete.

Children with CP often have reduced levels of physical activ-
ity in daily life and demonstrate less walking intensity compared
to typically developing peers [58]. Our early findings suggest
that tSCS+SBLTT may facilitate community walking intensity,
as shown by higher peak stride rates, which is similar to what

has been reported in the SBLTT literature [29]. Improvements
in lab-based measures of walking function provide prelimi-
nary evidence on the effects of tSCS + SBLTT on walking
capacity in a controlled environment, while improvements in
peak stride rate captured in the community via a StepWatch
provide insight into transference to children’s day-to-day natural
environments.

Positive self-reported changes in gait outcomes captured via
the GOAL questionnaires provide a holistic view of participants’
and their parents’ positive subjective gait-related experiences
after tSCS + SBLTT. Both children and parents reported either
an increase or a maintenance in achieving walking goals after
tSCS + SBLTT. This was driven by improvements in Domain
E: Gait Pattern and Appearance. Self-reported fatigue increased
after SBLTT Only but reduced after tSCS + SBLTT. The cause
of elevated energy expenditure that contributes to increased
fatigue in CP remains unclear and can be due to numerous,
interacting factors including changes in motor control, kinemat-
ics, and muscle activity [59]. Self-reported measures of fatigue
can include perceptions of walking and other activities of daily
living. Since tSCS + SBLTT improved hip and knee extension
and reduced muscle activity, these changes may have contributed
to the observed reductions in reported fatigue, although future
work should examine the mechanisms by which tSCS and
SBLTT may decrease fatigue for children with CP. Future work
should also explore the use of tSCS + SBLTT to understand its
implementations and user’s perceptions on how they may affect
community mobility.

It is also important to establish the underlying neurome-
chanical mechanisms driving changes for evidence-driven, per-
sonalized rehabilitation. By modulating sensorimotor activity,
tSCS aims to induce neuroplasticity, or promote a more natural
organization of neural pathways, thereby improving sensory
integration and motor control [17], [60]. In children with CP
whose early brain injury affects both the spinal and supraspinal
circuits [4], [61] disorganization between the supraspinal and
the spinal pathways causes inadequate sensorimotor processing
[61]. Sensation is often altered and can have a negative influence
on motor function [62], [63]. Impaired sensation further leads to
a disruption of inhibitory and excitatory inputs, manifesting as
spasticity [64] and impacting mobility [65]. Prior work theorized
that the combination of tSCS and motor training promotes reor-
ganization of the spinal-supraspinal connectivity by amplifying
sensory signals at the level of the spinal cord during functional
activities [18], [22]. Motor practice during this amplified state
of sensory feedback may result in improved sensorimotor inte-
gration at both spinal and supraspinal levels that is maintained
for at least several months following treatment [18]. Our find-
ings provide preliminary support for this hypothesis, allowing
for simultaneous improvements in how sensory information is
integrated both involuntarily (i.e., spasticity) and voluntarily
(i.e., walking). Confirming the underlying neurophysiological
effects of neuromodulation represents an exciting avenue for
future work.

Despite encouraging findings, there are several limitations
to this work. First, the small sample size and variability in
ages of four males with spastic CP and GMFCS I-II limits the
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generalization of results. The lack of randomization of the inter-
vention arms may have also led to an additive effect of SBLTT
across interventions. Given that tSCS is known to have persistent
effects that can last for many months after treatment the order
of treatment was kept consistent to prevent introducing more
cofounding factors into a small sample size [20]. Regardless,
larger studies are needed using a randomized treatment order
to definitively distinguish between the effects of SBLTT only
and tSCS + SBLTT. A second limitation of this study is that
the timing over which each intervention was delivered differed
slightly due to family availability and the COVID-19 pandemic.
One participant also completed the majority of SBLTT sessions
in an integrated home program with two researchers coming
to the home. Nonetheless, the number of therapy sessions was
the same between all participants and intervention phases and
demonstrates the ability of the intervention to adapt to family
needs with the aim of reducing burden on families. Third, we did
not restrict the physical therapy that participants may have been
receiving outside the study or activities during the follow-up
period. However, this indicates that even when the interventions
are applied in the real-world context of changes to daily life,
tSCS + SBLTT consistently resulted in greater improvement in
spasticity compared to SBLTT only. Further, we did not measure
motor threshold for each participant and thus are unable to report
the level of sub-motor threshold stimulation as a percentage
of motor threshold. Future work should consider incorporating
quantitative methods of measuring motor threshold, such as with
EMG, as an additional method of calibrating the amplitude of
stimulation. We also acknowledge that there is a potential for
assessor bias, as there was no blinding in the study. Participants
were also not blinded to the treatment arms, which may have
introduced response bias into more subjective assessments such
as GOAL and PROMIS. Future studies should consider blind-
ing the assessors, especially for subjective measures such as
the MAS, and blinding participants to the treatment arms by
utilizing sham stimulation. Lastly, the true effect size of tSCS
+ SBLTT could not be estimated because SBLTT alone was
always delivered first.

V. CONCLUSION

In this pilot study, we report that the combination of tSCS
and SBLTT led to sustained reductions in spasticity for at least
8 weeks in four children with CP. During both SBLTT alone
and its combination with stimulation, walking function was
maintained despite reductions in spasticity. Children walked
with less crouch mechanics, while also reporting improved gait
outcomes and reduced fatigue after training with spinal stim-
ulation. Future research should investigate the applicability of
these findings to other forms of therapy for children with CP and
elucidate the underlying neuromechanics driving improvements.
Further studies are needed to quantify how spinal stimulation and
physical therapy interventions can be integrated to address the
needs and goals of children with CP.

ACKNOWLEDGMENT

The authors would like to thank the children and their families
for the time they dedicated to this research. The authors also

thank Dr. Soshi Samejima, Dr. Rich Henderson, and Lauren
Bachman for assisting with interventions and assessments, and
Avocet Nagle-Christensen for data analysis. Chet Moritz serves
as a clinical advisor to the company SpineX, who provided the
stimulator for the study and licenses IP from the team via the
University of Washington.

REFERENCES

[1] H. K. Graham et al., “Cerebral palsy,” Nat. Rev. Dis. Primers, vol. 2, 2016,
Art. no. 15082, doi: 10.1038/nrdp.2015.82.

[2] K. M. Steele, A. Rozumalski, and M. H. Schwartz, “Muscle synergies
and complexity of neuromuscular control during gait in cerebral palsy,”
Develop. Med. Child Neurol., vol. 57, no. 12, pp. 1176–1182, 2015,
doi: 10.1111/dmcn.12826.

[3] K. F. Bjornson et al., “Ambulatory physical activity performance in youth
with cerebral palsy and youth who are developing typically,” Phys. Ther.,
vol. 87, no. 3, pp. 248–257, 2007, doi: 10.2522/ptj.20060157.

[4] G. Cappellini et al., “Immature spinal locomotor output in children with
cerebral palsy,” Front. Physiol., vol. 7, pp. 1–21, Oct. 2016, Art. no. 478,
doi: 10.3389/fphys.2016.00478.

[5] T. D. Sanger et al., “Classification and definition of disorders causing
hypertonia in childhood,” Pediatrics, vol. 111, no. 1, pp. 89–97, 2003.

[6] S. McIntyre et al., “Global prevalence of cerebral palsy: A systematic
analysis,” Develop. Med. Child Neurol., vol. 64, no. 12, pp. 1494–1506,
2022, doi: 10.1111/dmcn.15346.

[7] W. H. Kim and E. Y. Park, “Causal relation between spasticity, strength,
gross motor function, and functional outcome in children with cerebral
palsy: A path analysis,” Develop. Med. Child Neurol., vol. 53, no. 1,
pp. 68–73, Jan. 2011, doi: 10.1111/J.1469-8749.2010.03777.X.

[8] B. R. Shuman et al., “Muscle synergies demonstrate only minimal changes
after treatment in cerebral palsy,” J. Neuroengineering Rehabil., vol. 16,
no. 46, pp. 1–10, 2019, doi: 10.1186/s12984-019-0502-3.

[9] B. A. MacWilliams et al., “Long-term effects of spasticity treatment,
including selective dorsal rhizotomy, for individuals with cerebral palsy,”
Develop. Med. Child Neurol., vol. 64, no. 5, pp. 561–568, May 2022,
doi: 10.1111/dmcn.15075.

[10] K. Tedroff, G. Hägglund, and F. Miller, “Long-term effects of selec-
tive dorsal rhizotomy in children with cerebral palsy: A systematic re-
view,” Develop. Med. Child Neurol., vol. 62, no. 5, pp. 554–562, 2020,
doi: 10.1111/dmcn.14320.

[11] J. McLaughlin et al., “Selective dorsal rhizotomy: Meta-analysis of three
randomized controlled trials,” Develop. Med. Child Neurol., vol. 44, no. 1,
pp. 17–25, Jan. 2002, doi: 10.1111/J.1469-8749.2002.TB00254.X.

[12] K. Tedroff et al., “Long-term effects of botulinum toxin A in children with
cerebral palsy,” Develop. Med. Child Neurol., vol. 51, no. 2, pp. 120–127,
2009, doi: 10.1111/j.1469-8749.2008.03189.x.

[13] K. Tedroff et al., “Does loss of spasticity matter? A 10-year follow-up after
selective dorsal rhizotomy in cerebral palsy,” Develop. Med. Child Neurol.,
vol. 53, no. 8, pp. 724–729, 2011, doi: 10.1111/j.1469-8749.2011.03969.x.

[14] F. Heinen et al., “The updated European Consensus 2009 on the use of bo-
tulinum toxin for children with cerebral palsy,” Eur. J. Paediatric Neurol.,
vol. 14, no. 1, pp. 45–66, Jan. 2010, doi: 10.1016/j.ejpn.2009.09.005.

[15] I. Novak et al., “A systematic review of interventions for children with
cerebral palsy: State of the evidence,” Develop. Med. Child Neurol., vol. 55,
no. 10, pp. 885–910, 2013, doi: 10.1111/dmcn.12246.

[16] S. A. Ross and J. R. Engsberg, “Relationships between spasticity, strength,
gait, and the GMFM-66 in persons with spastic diplegia cerebral palsy,”
Arch. Phys. Med. Rehabil., vol. 88, no. 9, pp. 1114–1120, Sep. 2007,
doi: 10.1016/j.apmr.2007.06.011.

[17] Y. Gerasimenko et al., “Transcutaneous electrical spinal-cord stimulation
in humans,” Ann. Phys. Rehabil. Med., vol. 58, no. 4, pp. 225–231, 2015,
doi: 10.1016/j.rehab.2015.05.003.

[18] V. R. Edgerton, S. Hastings, and P. N. Gad, “Engaging spinal networks
to mitigate supraspinal dysfunction after CP,” Front. Neurosci., vol. 15,
2021, Art. no. 643463, doi: 10.3389/fnins.2021.643463.

[19] S. Samejima et al., “Multisite transcutaneous spinal stimulation for walk-
ing and autonomic recovery in motor-incomplete tetraplegia: A single-
subject design,” Phys. Ther. Rehabil. J., vol. 102, no. 1, pp. 1–12, 2022,
doi: 10.1093/ptj/pzab228.

[20] F. Inanici et al., “Transcutaneous spinal cord stimulation restores hand and
arm function after spinal cord injury,” IEEE Trans. Neural Syst. Rehabil.
Eng., vol. 29, pp. 310–319, 2021, doi: 10.1109/TNSRE.2021.3049133.

https://dx.doi.org/10.1038/nrdp.2015.82
https://dx.doi.org/10.1111/dmcn.12826
https://dx.doi.org/10.2522/ptj.20060157
https://dx.doi.org/10.3389/fphys.2016.00478
https://dx.doi.org/10.1111/dmcn.15346
https://dx.doi.org/10.1111/J.1469-8749.2010.03777.X
https://dx.doi.org/10.1186/s12984-019-0502-3
https://dx.doi.org/10.1111/dmcn.15075
https://dx.doi.org/10.1111/dmcn.14320
https://dx.doi.org/10.1111/J.1469-8749.2002.TB00254.X
https://dx.doi.org/10.1111/j.1469-8749.2008.03189.x
https://dx.doi.org/10.1111/j.1469-8749.2011.03969.x
https://dx.doi.org/10.1016/j.ejpn.2009.09.005
https://dx.doi.org/10.1111/dmcn.12246
https://dx.doi.org/10.1016/j.apmr.2007.06.011
https://dx.doi.org/10.1016/j.rehab.2015.05.003
https://dx.doi.org/10.3389/fnins.2021.643463
https://dx.doi.org/10.1093/ptj/pzab228
https://dx.doi.org/10.1109/TNSRE.2021.3049133


1784 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 72, NO. 5, MAY 2025

[21] S. Hastings et al., “A pilot study combining noninvasive spinal neuro-
modulation and activity-based neurorehabilitation therapy in children with
cerebral palsy,” Nat. Commun., vol. 13, no. 1, Oct. 2022, Art. no. 5660,
doi: 10.1038/s41467-022-33208-w.

[22] R. Sachdeva et al., “Combining spinal neuromodulation and activity
based neurorehabilitation therapy improves sensorimotor function in
cerebral palsy,” Front. Rehabil. Sci., vol. 4, 2023, Art. no. 1216281,
doi: 10.3389/fresc.2023.1216281.

[23] A. Keller et al., “Noninvasive spinal stimulation safely enables upright
posture in children with spinal cord injury,” Nat. Commun., vol. 12, no. 1,
2021, Art. no. 5850, doi: 10.1038/s41467-021-26026-z.

[24] M. Knikou and L. M. Murray, “Repeated transspinal stimulation decreases
soleus H-reflex excitability and restores spinal inhibition in human spinal
cord injury,” PLoS One, vol. 14, no. 9, pp. 1–19, 2019, doi: 10.1371/jour-
nal.pone.0223135.

[25] U. S. Hofstoetter et al., “Transcutaneous spinal cord stimulation enhances
walking performance and reduces spasticity in individuals with multiple
sclerosis,” Brain Sci., vol. 11, no. 4, 2021, Art. no. 472, doi: 10.3390/brain-
sci11040472.

[26] U. S. Hofstoetter et al., “Modification of spasticity by transcuta-
neous spinal cord stimulation in individuals with incomplete spinal
cord injury,” J. Spinal Cord Med., vol. 37, no. 2, pp. 202–211, 2014,
doi: 10.1179/2045772313Y.0000000149.

[27] P. Gad et al., “Transcutaneous spinal neuromodulation reorganizes neural
networks in patients with cerebral palsy,” Neurotherapeutics, vol. 18, no. 3,
pp. 1953–1962, 2021, doi: 10.1007/s13311-021-01087-6.

[28] I. A. Solopova et al., “Effects of spinal cord stimulation on motor func-
tions in children with cerebral palsy,” Neurosci. Lett., vol. 639, no. 3,
pp. 192–198, 2017, doi: 10.1016/j.neulet.2017.01.003.

[29] K. F. Bjornson, N. Moreau, and A. W. Bodkin, “Short-burst interval
treadmill training walking capacity and performance in cerebral palsy:
A pilot study,” Develop. Neurorehabilitation, vol. 22, no. 2, pp. 126–133,
2019, doi: 10.1080/17518423.2018.1462270.

[30] A. C. Utter et al., “Children’s OMNI scale of perceived exertion: Walk-
ing/running evaluation,” Med. Sci. Sports Exercise., vol. 34, no. 1,
pp. 139–144, 2002, doi: 10.1097/00005768-200201000-00021.

[31] B. C. McDowell et al., “Validity of a 1 minute walk test for children with
cerebral palsy,” Develop. Med. Child Neurol., vol. 47, no. 11, pp. 744–748,
Nov. 2005, doi: 10.1017/S0012162205001568.

[32] B. C. McDowell et al., “Test-retest reliability of a 1-min walk test in chil-
dren with bilateral spastic cerebral palsy (BSCP),” Gait Posture, vol. 29,
no. 2, pp. 267–269, Feb. 2009, doi: 10.1016/j.gaitpost.2008.09.010.

[33] M. P. Kadaba, H. K. Ramakrishnan, and M. E. Wootten, “Measurement
of lower extremity kinematics during level walking,” J. Orthopaedic Res.,
vol. 8, no. 3, pp. 383–392, May 1990, doi: 10.1002/jor.1100080310.

[34] S. L. Delp et al., “OpenSim : Open-source software to create and analyze
dynamic simulations of movement,” IEEE Trans. Biomed. Eng., vol. 54,
no. 11, pp. 1940–1950, Nov. 2007, doi: 10.1109/TBME.2007.901024.

[35] S. L. Delp et al., “An interactive graphics-based model of the lower
extremity to study orthopaedic surgical procedures,” IEEE Trans. Biomed.
Eng., vol. 37, no. 8, pp. 757–767, Aug. 1990, doi: 10.1109/10.102791.

[36] J. L. Hicks et al., “Is my model good enough? Best practices for ver-
ification and validation of musculoskeletal models and simulations of
movement,” J. Biomechanical Eng., vol. 137, no. 2, 2015, Art. no. 020905,
doi: 10.1115/1.4029304.

[37] R. O’Sullivan, A. Marron, and K. Brady, “Crouch gait or flexed-knee gait
in cerebral palsy: Is there a difference? A systematic review,” Gait Posture,
vol. 82, pp. 153–160, 2020, doi: 10.1016/j.gaitpost.2020.09.001.

[38] J. R. Gage, P. A. DeLuca, and T. S. Renshaw, “Gait analysis: Principles and
applications,” J. Bone Joint Surg., vol. 77, no. 10, pp. 1607–1623, 1995.

[39] A. M. Spomer et al., “Synergies are minimally affected during emula-
tion of cerebral palsy gait patterns,” J. Biomech., vol. 133, Mar. 2022,
Art. no. 110953, doi: 10.1016/j.jbiomech.2022.110953.

[40] K. M. Falconer and D. A. Winter, “Quantitative assessment of co-
contraction at the ankle joint in walking,” Electromyogr. Clin. Neurophys-
iol., vol. 25, no. 2/3, pp. 135–149, 1985.

[41] H. Carey et al., “Reliability and responsiveness of the timed up and go
test in children with cerebral palsy,” Pediatr. Phys. Ther., vol. 28, no. 4,
pp. 401–408, 2016, doi: 10.1097/PEP.0000000000000301.

[42] M. R. Franjoine, J. G. Gunther, and M. H. Taylor, “Pediatric balance scale:
A modified version of the Berg balance scale for the school-age child with
mild to moderate motor impairment,” Pediatr. Phys. Ther., vol. 15, no. 2,
pp. 114–128, Jun. 2003, doi: 10.1097/01.PEP.0000068117.48023.18.

[43] M. Pirpiris et al., “Walking speed in children and young adults with
neuromuscular disease: Comparison between two assessment meth-
ods,” J. Pediatr. Orthopaedics, vol. 23, no. 3, pp. 302–307, 2003,
doi: 10.1097/01241398-200305000-00006.

[44] D. A. DeWalt et al., “PROMIS pediatric self-report scales distinguish sub-
groups of children within and across six common pediatric chronic health
conditions,” Qual. Life Res., vol. 24, no. 9, pp. 2195–2208, Feb. 2015,
doi: 10.1007/S11136-015-0953-3.

[45] K. F. Bjornson et al., “Walking activity patterns in youth with cerebral
palsy and youth developing typically,” Disabil. Rehabil., vol. 36, no. 15,
pp. 1279–1284, 2014, doi: 10.3109/09638288.2013.845254.

[46] P. Thomason et al., “The gait outcomes assessment list (GOAL): Vali-
dation of a new assessment of gait function for children with cerebral
palsy,” Develop. Med. Child Neurol., vol. 60, no. 6, pp. 618–623, 2018,
doi: 10.1111/dmcn.13722.

[47] K. Lkuma, “Hatchfill2,” MATLAB Central File Exchange. Accessed:
Jan. 16, 2025. 2024. [Online]. Available: https://www.mathworks.com/
matlabcentral/fileexchange/53593-hatchfill2

[48] S. Hassani et al., “One-minute walk and modified timed up and go tests in
children with cerebral palsy: Performance and minimum clinically impor-
tant differences,” Develop. Med. Child Neurol., vol. 56, no. 5, pp. 482–489,
2014, doi: 10.1111/dmcn.12325.

[49] C. L. Chen et al., “Responsiveness and minimal clinically impor-
tant difference of modified ashworth scale in patients with stroke,”
Eur. J. Phys. Rehabil. Med., vol. 55, no. 6, pp. 754–760, 2019,
doi: 10.23736/S1973-9087.19.05545-X.

[50] I. Multani et al., “Botulinum toxin in the management of children with
cerebral palsy,” Paediatric Drugs, vol. 21, no. 4, pp. 261–281, 2019,
doi: 10.1007/s40272-019-00344-8.

[51] A. A. Navarrete-Opazo, W. Gonzalez, and P. Nahuelhual, “Effectiveness
of oral baclofen in the treatment of spasticity in children and adolescents
with cerebral palsy,” Pediatr. Drugs, vol. 97, no. 4, pp. 604–618, Apr. 2016,
doi: 10.1016/j.apmr.2015.08.417.

[52] B. Bettler et al., “Molecular structure and physiological functions of
GABAB receptors,” Physiol. Rev., vol. 84, no. 3, pp. 835–867, Jul. 2004,
doi: 10.1152/physrev.00036.2003.

[53] J. E. Brandenburg, “Is baclofen the least worst option for spasticity man-
agement in children?,” J. Pediatr. Rehabil. Med., vol. 16, no. 1, pp. 11–17,
2023, doi: 10.3233/PRM-230001.

[54] M. M. van der Krogt, C. A. M. Doorenbosch, and J. Harlaar, “Muscle
length and lengthening velocity in voluntary crouch gait,” Gait Posture,
vol. 26, no. 4, pp. 532–538, 2007, doi: 10.1016/j.gaitpost.2006.11.208.

[55] D. H. Sutherland and J. R. Davids, “Common gait abormalities of the knee
in cerebral palsy,” Clin. Orthopaedics Related Res., vol. 288, pp. 139–147,
1993.

[56] A. Opheim et al., “Walking function, pain, and fatigue in adults with
cerebral palsy: A 7-year follow-up study,” Develop. Med. Child Neurol.,
vol. 51, no. 5, pp. 381–388, 2009, doi: 10.1111/j.1469-8749.2008.03250.x.

[57] P. H. Gross et al., “Setting a patient-centered research agenda for cerebral
palsy: A participatory action research initiative,” Develop. Med. Child Neu-
rol., vol. 60, no. 12, pp. 1278–1284, Dec. 2018, doi: 10.1111/dmcn.13984.

[58] L. Van Wely et al., “Walking activity of children with cerebral palsy and
children developing typically: A comparison between The Netherlands
and the United States,” Disabil. Rehabil., vol. 36, no. 25, pp. 2136–2142,
Dec. 2014, doi: 10.3109/09638288.2014.892639.

[59] P. K. Gill et al., “Causal modelling demonstrates metabolic power is largely
affected by gait kinematics and motor control in children with cerebral
palsy,” PLoS One, vol. 18, no. 5, pp. 1–15, 2023, doi: 10.1371/jour-
nal.pone.0285667.

[60] C. T. Moritz, “Now is the critical time for engineered neuroplasticity,”
Neurotherapeutics, vol. 15, pp. 628–634, 2018.

[61] G. J. Clowry, “The dependence of spinal cord development on cor-
ticospinal input and its significance in understanding and treating
spastic cerebral palsy,” Neurosci. Biobehaviour Rev., vol. 31, no. 8,
pp. 1114–1124, 2007, doi: 10.1016/j.neubiorev.2007.04.007.

[62] J. R. Wingert et al., “Joint-position sense and kinesthesia in cerebral
palsy,” Arch. Phys. Med. Rehabil., vol. 90, no. 3, pp. 447–453, 2009,
doi: 10.1016/j.apmr.2008.08.217.

[63] A. Zarkou et al., “Foot and ankle somatosensory deficits affect balance and
motor function in children with cerebral palsy,” Front. Hum. Neurosci.,
vol. 14, pp. 1–12, 2020, doi: 10.3389/fnhum.2020.00045.

[64] C. Trompetto et al., “Pathophysiology of spasticity: Implications for neu-
rorehabilitation,” Biomed. Res. Int., vol. 2014, no. 1, 2014, Art. no. 354906,
doi: 10.1155/2014/354906.

[65] G. Cappellini et al., “Maturation of the locomotor circuitry in children
with cerebral palsy,” Front. Bioeng. Biotechnol., vol. 8, 2020, Art. no. 998,
doi: 10.3389/fbioe.2020.00998.

https://dx.doi.org/10.1038/s41467-022-33208-w
https://dx.doi.org/10.3389/fresc.2023.1216281
https://dx.doi.org/10.1038/s41467-021-26026-z
https://dx.doi.org/10.1371/journal.pone.0223135
https://dx.doi.org/10.1371/journal.pone.0223135
https://dx.doi.org/10.3390/brainsci11040472
https://dx.doi.org/10.3390/brainsci11040472
https://dx.doi.org/10.1179/2045772313Y.0000000149
https://dx.doi.org/10.1007/s13311-021-01087-6
https://dx.doi.org/10.1016/j.neulet.2017.01.003
https://dx.doi.org/10.1080/17518423.2018.1462270
https://dx.doi.org/10.1097/00005768-200201000-00021
https://dx.doi.org/10.1017/S0012162205001568
https://dx.doi.org/10.1016/j.gaitpost.2008.09.010
https://dx.doi.org/10.1002/jor.1100080310
https://dx.doi.org/10.1109/TBME.2007.901024
https://dx.doi.org/10.1109/10.102791
https://dx.doi.org/10.1115/1.4029304
https://dx.doi.org/10.1016/j.gaitpost.2020.09.001
https://dx.doi.org/10.1016/j.jbiomech.2022.110953
https://dx.doi.org/10.1097/PEP.0000000000000301
https://dx.doi.org/10.1097/01.PEP.0000068117.48023.18
https://dx.doi.org/10.1097/01241398-200305000-00006
https://dx.doi.org/10.1007/S11136-015-0953-3
https://dx.doi.org/10.3109/09638288.2013.845254
https://dx.doi.org/10.1111/dmcn.13722
https://www.mathworks.com/matlabcentral/fileexchange/53593-hatchfill2
https://www.mathworks.com/matlabcentral/fileexchange/53593-hatchfill2
https://dx.doi.org/10.1111/dmcn.12325
https://dx.doi.org/10.23736/S1973-9087.19.05545-X
https://dx.doi.org/10.1007/s40272-019-00344-8
https://dx.doi.org/10.1016/j.apmr.2015.08.417
https://dx.doi.org/10.1152/physrev.00036.2003
https://dx.doi.org/10.3233/PRM-230001
https://dx.doi.org/10.1016/j.gaitpost.2006.11.208
https://dx.doi.org/10.1111/j.1469-8749.2008.03250.x
https://dx.doi.org/10.1111/dmcn.13984
https://dx.doi.org/10.3109/09638288.2014.892639
https://dx.doi.org/10.1371/journal.pone.0285667
https://dx.doi.org/10.1371/journal.pone.0285667
https://dx.doi.org/10.1016/j.neubiorev.2007.04.007
https://dx.doi.org/10.1016/j.apmr.2008.08.217
https://dx.doi.org/10.3389/fnhum.2020.00045
https://dx.doi.org/10.1155/2014/354906
https://dx.doi.org/10.3389/fbioe.2020.00998


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


