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The aims of this study were to investigate the intra-rater reliability of peripheral nerve
stimulation (PNS) and transcranial magnetic stimulation (TMS) in people with and
without patellofemoral pain (PFP) and to compare nervous system function between
these groups, using a case-control design. We sought people with and without PFP
to participate in PNS and TMS testing to calculate maximal compound motor action
potential, maximal force, voluntary activation (VA), active motor threshold (AMT),
corticospinal excitability (CSE), silent period, and short-interval intracortical inhibition.
People with PFP also rated their current pain and function. Single-measure intraclass
correlation coefficients with 95% confidence intervals were used to determine intra-
rater reliability, with standard error of measurement and minimum detectable change
calculated. Between-group differences in PNS and TMS variables were determined
using Student’s two-tailed, independent samples t-tests or Mann-Whitney U-tests.
Twenty-seven people without and 23 people with PFP completed PNS and TMS testing.
For intra-rater reliability, 18 people without and 17 people with PFP returned for
a second testing session, and intraclass correlation coefficient values ranged from
good to excellent (0.62-0.96). People with PFP demonstrated significantly lower VA
(P < 0.0001), higher AMT (P = 0.014) and lower CSE (P = 0.018). In conclusion,
both PNS and TMS demonstrate acceptable intra-rater reliability in people with and
without PFP. Elevated AMT and reduced CSE indicate that people with PFP might
have a hypoexcitable motor cortex-corticospinal pathway, and lower VA indicates
reduced recruitment of high-threshold motor units. These findings indicate that a

neurophysiological mechanism might underpin the poor prognosis of PFP.
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1 | INTRODUCTION

Patellofemoral pain (PFP) is a common musculoskeletal condition
experienced by people with varying levels of physical activity (Sterling
et al., 2001). People with PFP report pain at, around or behind their
patella that is aggravated by running, jumping, squatting, and stair
ambulation (Crossley et al., 2016). PFP has a reported prevalence
of 29% in active adolescents and 23% in the general population
(Smith et al., 2018), with >50% of people reporting persistent
pain 5-8 years postdiagnosis (Collins et al., 2013). Our previous
meta-regression identified that prolonged symptom duration was
significantly associated with poor prognosis (Deng et al., 2025),
highlighting the need to understand underlying mechanisms and
optimal interventions.

Current understanding of PFP aetiology and intervention
mechanisms has focused on biomotor factors, placing significant
emphasis on the quadriceps muscles (Alsaleh et al., 2021; Lankhorst
et al,, 2016; Neal et al., 2019). People with PFP are reported to have
weaker quadriceps prior to their symptom onset (Glaviano & Norte,
2022) that persists as their symptoms progress (Alsaleh et al., 2021,
Lankhorst et al., 2016). Although knee-targeted exercise therapy is
considered best practice for improving pain and function in people with
PFP (Neal et al., 2022, 2024), the associated underlying mechanisms
of effect are poorly understood. Recent research has identified that
altered neuromuscular control in people with PFP might be explained
by altered primary motor cortex excitability (Te et al., 2017) as opposed
to being related solely to biomotor factors (i.e., muscle weakness).

The combined use of peripheral nerve stimulation (PNS) and
transcranial magnetic stimulation (TMS) provides a comprehensive
approach to evaluating neuromuscular control from peripheral to
cortical levels (Rossini et al., 2015). PNS is a non-invasive technique
used to evaluate voluntary activation (VA), which quantifies how
effectively the brain activates skeletal muscles during active
contraction (Ho et al., 2025). TMS is a non-invasive neuromodulation
technique that safely evaluates corticospinal excitability (CSE) (Rossini
et al., 2015). Originally developed for the assessment and treatment
of neuropsychiatric disorders, TMS has been used more recently in
the investigation of persistent musculoskeletal conditions, including
low-back pain (Klein et al., 2015), knee osteoarthritis (Mansfield et al.,
2022), and patellar tendinopathy (Vallance et al., 2024). This reflects
the growing recognition of the potential role of neural adaptations
in the persistence and modulation of musculoskeletal pain, under-
scoring the utility of PNS and TMS as non-invasive assessment
tools.

There is emerging evidence that people with PFP might
demonstrate lower VA (Glaviano & Norte, 2022) and higher CSE
(Parker et al., 2016) when compared with asymptomatic controls. It
is plausible that subtle changes between intracortical neurones in
the primary motor cortex (M1), corticospinal tract, and peripheral
motor units might explain the poor prognosis experienced by people
with PFP. To the best of our knowledge, nervous system function and
the reliability of PNS/TMS has not been examined in people with or
without PFP.
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Highlights
* What is the central question of this study?
We investigated whether peripheral nerve

stimulation and transcranial magnetic stimulation
provide reliable neurophysiological measures in
people with patellofemoral pain and whether these
people show altered corticospinal excitability,
intracortical inhibition, and voluntary activation
compared with a control group.

* What is the main finding and its importance?
Patellofemoral pain was associated with increased
motor threshold, reduced corticospinal excitability,
and lower voluntary activation, indicating impaired
central motor drive. These findings identify a neuro-
physiological mechanism that might underlie the
persistent symptoms and poor clinical outcomes in
people with patellofemoral pain.

Our overarching aim was therefore to explore the role of the
nervous system in explaining the motor dysfunction demonstrated
by people with PFP. Specific objectives included: (1) determining the
test-retest intra-rater reliability of PNS/TMS in people with and
without PFP; and (2) exploring whether nervous system function
differs between people with and without PFP. We hypothesized that:
(1) PNS/TMS will have acceptable reliability in people with and without
PFP; and (2) people with PFP will have lower VA and higher CSE
compared with people without PFP.

2 | MATERIALS AND METHODS

2.1 | Ethical approval

Ethical approval was obtained from the University of Essex Ethics
Committee (ETH2324-1373). All participants provided written
informed consent before data collection. The study conformed to the
standards of the latest revision of the Declaration of Helsinki but was
not registered in a public trials database.

2.2 | Sample size calculation

We calculated the required sample size using silent period (SP) data,
the most frequently reported variable in other TMS studies involving
people with musculoskeletal pain, given the lack of PFP-specific
literature. The effect size (Cohen’s d) varied from 0.8 to 2.0 in publishd
studies (On et al., 2004; Rio et al., 2016; Terada et al., 2016), and

the smallest value (Cohen’s d = 0.8) was used to provide the most
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conservative estimate for between-group difference. We required 21
participants per group to detect a similar between-group difference in
corticospinal inhibition with a 8 of 80% and an « of 5%. We therefore
aimed to recruit 25 participants per group to allow for 20% data loss,
and all recruited participants were invited to attend the laboratory for
re-test 48 h after their initial session.

2.3 | Eligibility criteria

People aged from 18 to 45 years and of either biological sex were
eligible to participate, provided they had no contraindications to safe
participation in TMS/PNS data collection. People were eligible for
the non-PFP group provided they had no history of PFP and no
current report of other musculoskeletal pain. People were eligible
for the PFP group if they reported: (1) gradual onset of pain at,
around or behind the patella; (2) symptoms provoked by at least two
of the following activities: squatting, running, hopping/jumping, stair
ascent/descent or prolonged sitting; and (3) symptoms for a minimum
of 3 months, scored as >3/10 on a numerical pain rating scale (Deng
et al,, 2022). People were ineligible to participate in either group if
they reported/demonstrated: (1) acute injury of the knee ligaments,
joint capsule, bursa or meniscus; (2) knee-extension or -flexion contra-
cture deformity; (3) patellofemoral joint instability; (4) any traumatic,
inflammatory or infectious disease of the lower limbs; and (5) a history

of knee surgery.

2.4 | Testing procedures

Both groups attended our laboratory a maximum of three times:
first for familiarization and second for formal PNS and TMS data
collection. Following this, willing participants returned for a third
visit for exploration of reliability (see Figure 1). All neurophysiological
measurements were obtained from the symptomatic limb in people
with PFP (or the more symptomatic side if bilateral) and from the
dominant limb in the control group.

We used surface electromyography (sEMG) to collect the muscle
response during testing, with the rectus femoris as the targeted
muscle. Initially, we abraded the targeted muscle belly using a
single-use disposable razor and sanitized the skin using a 75%
alcohol disinfectant wipe to remove any material that could impede
conductivity. Two surface electrodes were then placed 2 cm apart
on the rectus femoris according to the Non-Invasive Assessment
of Muscles (SENIAM) guidelines (Hermens et al., 2000). An earth
electrode was also placed over the centre of the patella. SEMG
signals were amplified by a factor of 1000 using a digital amplifier
(CED 1401, Cambridge Electronic Design, Cambridge, UK), bandpass
filtered between 10 and 1000 Hz, and analysed off-line (Signal v.6.06,
Cambridge Electronic Design).

Seven variables were captured during data collection: maximal
force (MF), maximum compound muscle action potential (Mpayx),

voluntary activation (VA), active motor threshold (AMT), corticospinal

excitability (CSE), silent period (SP), and short interval intracortical
inhibition (SICI).

2.4.1 | Quadriceps protocol

Before any data collection, participants readied their quadriceps for
subsequent testing by performing three submaximal isometric knee-
extension contractions at 25%, 50%, and 75% of their perceived
maximal effort, resting for 1 min between contractions. A calibrated
load cell was used to measure maximal knee extensor force (in
newtons). The load cell was fixed to a custom-built chair and
connected to a non-compliant cuff placed around the participant’s
tibia, immediately superior to the ankle malleoli. Participants sat
upright in the chair with their hips and knees at 90° flexion and were
instructed to grasp the safety belt of the chair for support during
contractions.

To quantify MF, participants were instructed to fold their arms
across their chest and avoid any upper body movement, active hip
flexion, or active ankle dorsiflexion. Participants were given verbal
encouragement and visual feedback to help them reach MF. Each
attempt lasted for 3 s and was followed by a 2 min rest period, and the

highest sustained signal plateau was recorded as a participant’s MF.

2.4.2 | PNS procedures
The M ax reflects the maximum electrical response of the targeted
muscle when a superimposed peripheral nerve stimulation is given
to a motor unit. M, was collected using the superimposed burst
technique (Rozand et al., 2015), which involves applying stimulation
to the femoral nerve using a constant-current stimulator (DS7AH,
Digitimer Ltd, Welwyn Garden City, UK) with a pulse duration of
200 ps. This stimulation was delivered through two self-adhesive
surface electrodes (cathode position, femoral triangle; anode
position, midway between the greater trochanter and iliac crest).
PNS commenced with a single electrical stimulus to the resting muscle
at 50 mA, and stimulus intensity was gradually increased by 20 mA
until a plateau occurred. Superimposed stimulation was delivered
by increasing the final stimulator output intensity by a further 30%
(Rodriguez-Falces & Place, 2018). The largest peak-to-peak sEMG
response was recorded as a participant’s M, (Rozand et al., 2015).
VA reflects the ability of the CNS to activate a muscle fully during
maximal voluntary contraction, reflecting excitability or inhibitory
control within the brain (Glaviano & Norte, 2022). VA was collected
using the twitch interpolation method (Rozand et al, 2015). A
brief, high-frequency burst of electrical stimulation was given to the
femoral nerve while participants attempted a maximal isometric knee-
extension contraction. The stimulation intensity was matched to the
intensity used to assess My, (Glaviano & Norte, 2022). One electrical
stimulus was applied immediately upon the plateau of maximal knee
extensor force, and another stimulus was delivered after each MF

(Rozand et al., 2015). Three measurements of VA were obtained
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| Experimental procedure |

Basic information collection
(Age, sex, BMI etc.)

Mmax; VA; MF
AMT; CSE; SP; SICI;

Participants recruitment
and screening
(Non-PFP: 27 and PFP: 23)
27 Non-PFP | | Visit 1
23 PFP Familiarization of PNS and TMS
Visit 2
27 Non-PFP | | PNS and TMS assessment
23 PFP . . o
(single and paired stimuli)
Visit 3
18Non-PFP L | Retest PNS and TMS
17 PFP
after 48 hours

Mmax; VA; MF
AMT,; CSE; SP; SICI;

|

Data analysis and statistics

FIGURE 1

Experimental procedure. Abbreviations: AMT, active motor threshold; CSE, corticospinal excitability; MF, maximal force; M4,

maximum compound muscle action potential; PFP, patellofemoral pain; PNS, peripheral nerve stimulation; SICI, short interval intracortical
inhibition; SP, silent period; TMS—transcranial magnetic stimulation; VA, voluntary activation.

and averaged, with a 2 min rest interval between contractions. The
amplitude of the superimposed twitch delivered during maximal iso-
metric knee-extension contraction was compared with the amplitude
of a resting, potentiated twitch delivered ~2 s after the maximal iso-
metric knee-extension contraction. The following calculation was used

to assess VA:

B superimposed twitch — force stem
peripheral twitch

VA=1 x 100% (1)

2.4.3 | TMS procedures

The position of M1 was first identified using the Rossini-Rothwell
method (Rothwell et al., 1999). The M1 area was stimulated using
a magnetic stimulator (Magstim 2002, The Magstim Company Ltd,
Whitland, UK) with a 110 mm double-cone coil (D110 The Magstim
Company Ltd). To induce a posterior-anterior cortical current and
stimulate the hemisphere contralateral to the right lower limb, the
coil was held and tilted to the side of the vertex by 1-2 cm. This
area was used as the stimulation spot in all subsequent stimulations
(Rothwell et al., 1999). TMS output intensity was first set at 30%
and 40% intensity to familiarize the participant with the sensation.
Subsequently, a consistent stimulator output of 50% was applied by
adjusting the coil position until the greatest motor evoked potential
(MEP) amplitude at the quadriceps was provoked.

After identifying M1, AMT, representing the minimum stimulus
intensity required to elicit the MEP during a voluntary contraction,
was determined while participants maintained 10% of their maximum
knee-extension force. The TMS output intensity was initially set at

50% and subsequently decreased until an MEP with a peak-to-peak
amplitude exceeding 200 pV occurred. AMT was defined as the lowest
intensity that elicited an MEP exceeding 200 pV at least three out
of five times. A rest period of >5 s was implemented between each
stimulation to prevent changes in cortical excitability, and this period
was extended as needed based on participant comfort and tolerance
(Rothwell et al., 1999).

CSE reflects the responsiveness of the pathway from the motor
cortex to a peripheral muscle and is assessed by measuring the peak-
to-peak amplitude of an MEP using single-pulse TMS. Ten stimulations
were applied to the M1 hotspot at 130% of AMT whilst participants
actively performed knee extension with 10% of their maximal force.
The stimulations were performed with a 15 s interstimulus interval.
Peak-to-peak MEP amplitudes were measured in the rectus femoris
muscle, recorded in millivolts, and normalized to M. (MEP/M,ax
ratio). The average of the 10 trials was used for analysis. During the
collection of CSE (130% AMT), SP was collected concurrently. SP
was defined as the duration in milliseconds between MEP onset and
the return of voluntary EMG activity via visual inspection, reflecting
transient inhibition of corticospinal output (Hupfeld et al., 2020). To
calculate CSE, a custom-written code in the R programming language
was used to extract the peak-to-peak amplitude. The duration of
SP was collected from the stimulus artefact to the resumption of
background EMG via visual inspection (Hupfeld et al., 2020).

SICI reflects the activity of GABA, inhibitory interneurons within
the motor cortex and was assessed using paired-pulse TMS. Initially,
one subthreshold conditioning stimulation (80% of AMT) was applied,
followed by a suprathreshold test paired pulse (130% of AMT) with a
3 ms interstimulus interval (Neige et al., 2020). This paired-pulse TMS
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TABLE 1 Descriptive characteristics.

Characteristic Non-PFP (nh = 27)

Sex, n Male, 20
Age, years 23.6+5.9
Body mass index, kg/m? 240+3.3
Height, m 1.8+0.0
Weight, kg 76.6 +10.6
Exercise frequency, per week 38+14

Symptom duration, months -
KOOS-PF -
VAS-A -
VAS-M =
VAS-E -
VAS-MVC =

PFP (n=23)

Female, 7 Male, 18 Female, 5
274+44 248+58 230+52
212+31 242+27 240+28
1.6+0.1 1.8+0.1 17+0.1
56.4+7.6 763+9.6 68.2+12.3
33+21 4.5+15 3.8+1.6

- 253+424 10.0+6.0
- 64.9 +18.8 655+12.6
- 3.6+12 44+09

= 6.4+17 7.6+13

- 0.7+0.9 08+0.8

= 3.1+21 30+1.2

Note: Values are the mean + SD. Abbreviations: KOOS-PF, knee injury and osteoarthritis outcome score—patellofemoral subscale; MVC, maximum voluntary

contraction; PFP, patellofemoral pain; VAS, visual analog scale.

was applied during 10% of participants’ maximal knee-extension force
and was repeated 10 times. To calculate SICI, we further normalized
SICI to raw peak-to-peak amplitudes of the unconditioned MEP from
single TMS stimulation. The SICI ratio (SICI/MEP) was selected to
reflect the intracortical inhibition function. Both single- and paired-
pulse TMS procedures and intensities adhered to the most recent
expert guidance (Rossi et al., 2021).

MEP conditioned

SICI ratio = MEP unconditioned

x 100% (2)

244 | Patient-reported outcome measures

A visual analog scale (VAS) and the patellofemoral subscale of the
knee injury and osteoarthritis outcome score (KOOS-PF) were used to
record pain and function in people with PFP only (Hoglund et al., 2023).
The VAS ranged from 0O (no pain at all) to 10 (worst pain imaginable),
and the KOOS-PF was scored from O to 100, with 100 representing no
problems and O representing extreme problems. Average pain intensity
(VAS-A) and maximal pain intensity (VAS-M) were recorded over the
previous week, and pain intensity during the experiment (VAS-E) and
painintensity during a maximal voluntary contraction (VAS-MVC) were
recorded.

2.5 | Statistical analysis

All analyses were performed using the Statistical Package for the Social
Sciences software program (v.26.0, IBM, Chicago, IL, USA). Single-
measure intraclass correlation coefficients (ICCs) with 95% confidence
intervals were calculated using a two-way mixed-effects model with
absolute agreement to determine intra-rater reliability. ICCs were
defined as excellent (>0.90), good (0.75-0.90), moderate (0.50-0.75)

and poor (<0.50) (Koo & Li, 2016). Standard errors of measure (SEM)
(SD x M) and minimum detectable change (SEM x 1.96 x \/5)
were also calculated (Shao et al., 2023). For between-group analyses,
the normality of distribution for all collected data was assessed using
the Shapiro-Wilk test. Student’s independent t-tests were applied to
normally distributed data, and Mann-Whitney tests were used for
non-normally distributed data.

3 | RESULTS

3.1 | Participant demographics
Twenty-seven people without and 23 people with PFP were recruited.
No differences were observed between groups for demographics or

anthropometrics (Table 1).

3.2 | PNS/TMS reliability

Reliability data were collected from 18 people without and 17 people
with PFP. ICC values for both groups varied from moderate to excellent
(0.62-0.96; Table 2).

3.3 | Between-group analysis

People with PFP demonstrated significantly lower VA (t = 4.292;
P < 0.0001; Cohen’s d = 1.3; Figure 2a), higher AMT (t = —2.554;
P = 0.014; Cohen’s d = —0.7; Figure 2b) and lower CSE (t = 2.442;
P = 0.018; Cohen’s d = —0.7; Figure 2c). Detailed between-group
statistics are presented in Table 3. Analyses for all other variables were
non-significant (Appendix, Figure A1).
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TABLE 2 Reliability results from people without (n = 18) and people with (n = 17) patellofemoral pain.
95% Confidence Standard error of Minimum
Variable Group ICC intervals SD measurement detectable change
M pax, MV Non-PFP 0.66 0.29-0.86 1.47 0.86 2.37
PFP 0.90 0.75-0.96 1.59 0.50 1.39
VA, % Non-PFP 0.73 0.42-0.89 0.06 0.03 0.08
PFP 0.91 0.77-0.97 0.08 0.02 0.08
MF, N m/kg Non-PFP 0.90 0.75-0.96 1.28 0.36 0.99
PFP 0.89 0.73-0.96 0.80 0.26 0.73
AMT, %MSO Non-PFP 0.84 0.62-0.94 5.92 2.37 6.57
PFP 0.96 0.89-0.96 6.11 1.22 3.39
CSE, %M 2y Non-PFP 0.64 0.26-0.85 0.21 0.13 0.36
PFP 0.62 0.22-0.84 0.14 0.08 0.24
SP, ms Non-PFP 0.83 0.60-0.93 0.02 0.01 0.02
PFP 0.95 0.86-0.98 0.02 0.01 0.02
SICl ratio, % Non-PFP 0.71 0.37-0.88 0.21 0.12 0.32
PFP 0.80 0.52-0.92 0.23 0.10 0.29

Abbreviations: AMT, active motor threshold; CSE, corticospinal excitability; ICC, intraclass correlation coefficient; MF, maximal force; Mp,,x, maximum
compound muscle action potential; MSO, maximum stimulation output; PFP, patellofemoral pain; SICI, short interval intracortical inhibition; SP, silent period;

VA, voluntary activation.

(2) p < 0.0001 (b) 5 p=0.014 (© p=0.018
100 - » 70 E3
3 3 § 109
= 2 :
90 - T 60- -
L] S > 0.3
© c =
& ] 2 06 -
9 80 - é 50+ § ofe
= 5 S 0.4 oo
g g 3
S 70 2 40 " £o2] !
) o o tdae
> b 8
60 : ' g 30 ' B Nonerr pre
Non-PFP PFP < Non-PFP PFP O (i) (n=23)
(n=27) (n=23) (n=27) (n=23)

FIGURE 2 Group differences in voluntary activation (a), active motor threshold (b) and corticospinal excitability (c) between people with
(n=23) and without (n = 27) PFP. Abbreviations: M., maximum compound muscle action potential; MSO, maximum stimulation output; PFP,

patellofemoral pain.

4 | DISCUSSION

We aimed to evaluate the reliability of PNS/TMS measures in people
with and without PFP. We identified moderate to excellent reliability
(ICC range 0.62-0.96), supporting our hypothesis that both PNS/TMS
are acceptable tools in people with and without PFP. Our findings partly
supported our second hypothesis regarding altered neuromuscular
function, in that we confirmed lower VA in people with PFP, but also

lower CSE (rather than higher). The significantly lower VA observed

in people with PFP indicates an impaired ability of the CNS to recruit
motor units fully. The higher AMT and lower CSE observed in people
with PFP suggest diminished corticospinal drive, which might impair
effective muscle activation during functional tasks.

The lower VA that we identified in people with PFP is consistent
with previous studies in this population (Ho et al., 2025; Kim et al.,
2023), indicating an inability to recruit the quadriceps muscle fully. This
aligns with the theory of arthrogenic muscle inhibition (AMI) (Ho et al.,
2025; Rice & McNair, 2010), a reflex-mediated suppression of muscle
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TABLE 3 Differences in nervous system function between people without (n = 27) and people with (n = 23) patellofemoral pain.

Non-PFP PFP Mean
Parameter (n=27) (n=23) difference
Minax, MV 4.47 £1.63 403+ 1.40 0.43
VA, % 90.0+6.0 81.1+86 8.87
MF, N m/kg 6.45+1.59 5.97+1.33 0.48
AMT, %MSO 45+5 49+6 -3.99
CSE, %M pax 35.41+18.30 24.51+12.02 10.90
SP, ms 149 + 19 149 + 23 -0.5
SICl ratio, % 54.85+19.05 49.02+18.11 5.83

95% Confidence

intervals t p Cohen’sd
-0.44 1.31 1.00 0.322 0.28

4.71 13.02 4.29 <0.0001** 122
-0.36 1.32 1.14 0.259 0.32
-7.14 -0.84 -2.54 0.014* -0.72
1.92 19.88 244 0.018* 0.69
-12.59 11.59 -0.08 0.908 -0.03
-4.79 16.46 1.10 0.275 0.31

Note: Cohen’s d effect sizes were interpreted as small (0.2), medium (0.5) and large (0.8) Values are presented as the mean + SD. Abbreviations: AMT, active
motor threshold; CSE, corticospinal excitability; MF, maximal force; M., maximum compound muscle action potential; MSO, maximum stimulation output;
PFP, patellofemoral pain; SICI, short interval intracortical inhibition; SP, silent period; VA, voluntary activation.

*P <0.05and **P < 0.001.

activation originating from a painful joint (Sherman et al., 2024). This
suggests that people with PFP have reduced neural drive from their
brain to their quadriceps, because the unaltered M,,,,, and normalized
MF (in newton metres per kilogram) that we identified indicates that
peripheral neural excitability remains intact (Martucci et al., 2014). We
also identified no differences in SICI ratio or SP, which indicates that
the lower VA is not likely to be attributable to intracortical inhibition
mediated by GABA, or GABAg (McDonnell et al., 2006). Prior research
has reported conflicting outcomes regarding SP changes in chronic
musculoskeletal conditions (Henry et al., 2011; Sherman et al., 2024),
and our results further support that inhibition might not be affected.
Our findings provide evidence that the neuromuscular dysfunction
demonstrated by people with PFP might be centrally mediated and
require the development of unique rehabilitation strategies.

Contrary to our hypothesis, we identified significantly higher AMT
and lower CSE in people with PFP. Given that the corticospinal tract
communicates the signal between the M1 and peripheral muscles
(Rothwell et al, 1999), this diminished corticospinal drive might
reveal the underlying mechanism of the motor dysfunction in people
with PFP. Ho et al. (2022) also identified an elevated resting motor
threshold in the vastus medialis and lateralis of people with PFP, and
our findings concur despite using different methods and a different
part of the quadriceps muscle. Comparable findings have also been
reported in people with knee osteoarthritis and following anterior
cruciate ligament injury (Sherman et al., 2024). On et al. (2004) have
reported conflicting findings, with increased MEP amplitude of the
vastus medialis in people with PFP, but when using raw MEP rather
than MEP normalized to M,,,. The raw amplitude of MEP can be
influenced by several methodological factors, including the placement
of the electrodes and the position of the TMS coil, and normalizing to
Mnax is more robust (Rodriguez-Falces & Place, 2018).

Although our primary findings highlight neurophysiological
alterations at the cortical level (VA, AMT and CSE), these outcomes are
likely to reflect both supraspinal and spinal-level modulation. Previous
studies have demonstrated reduced excitability of the vastus medialis
H reflex in females with PFP, with lower H reflex amplitudes being

strongly associated with greater pain, poorer function and longer

symptom duration (de Oliveira Silva et al., 2017, 2016). These findings
suggest that impaired A-alpha afferent-motoneuron transmission and
reflex inhibition might interact with cortical output to contribute to
quadriceps dysfunction. This indicates that the AMI observed in our
study is not solely from the cortical level but might also be from the
pain-induced spinal level. Given that this evidence comes from female
samples and considering known sex differences in motor excitability
and pain processing, including greater neuromuscular impairments
in women (Kim et al., 2024), it is plausible that sex might influence
both spinal and cortical adaptations. Accordingly, our findings should
be interpreted with caution, given the sex imbalance in our sample,
and further studies are required to explore potential sex-related
differences. From recent hypotheses regarding sensorimotor deficits,
nociceptive inputs might trigger inhibitory pathways that suppress
reflex excitability to protect the painful joint, thereby influencing
the net corticospinal output we observed (Pazzinatto et al., 2017).
Therefore, this interaction provides a plausible explanation for the
concurrent spinal inhibition and cortical adaptations identified in PFP

By synthesizing the findings from both PNS and TMS, we have
provided a more complete neurophysiological profile of people
with PFP. The combination of lower VA and CSE, in the pre-
sence of preserved M,,,, indicates that the quadriceps weakness
demonstrated by people with PFP is underpinned by central neural
deficits. Although the reliability analysis indicated acceptable point
estimates for most outcomes, several measures (e.g., CSE) showed wide
ICC confidence intervals. This might reflect factors including inter-
individual variability, state-dependent influences (e.g., fatigue) and the
inherent sensitivity of neurophysiological measures. Consequently,
the precision of these reliability estimates is relatively lower, and
this should be considered when using these measures. Current gold-
standard interventions for PFP, including hip- and knee-targeted
exercise therapy, have shown success in improving symptoms and
function in the short term at a population level, but do not benefit all.
Our results suggest that some people with PFP might require more
targeted, neurophysiologically informed interventions. Augmenting
hip- and knee-targeted exercise with metronome-paced training has

been demonstrated to upregulate motor cortex output in people
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without symptoms of knee pain (Akalu et al., 2025). Future studies
should seek to explore whether motor cortex output in people with
PFP can be improved with metronome-paced training and whether
this might be superior to traditional hip- and knee-targeted exercise
therapy. We acknowledge that the neurophysiological outcomes were
tested without explicit correction for multiple comparisons. This
decision was made to avoid the high risk of type Il error associated with
conservative corrections (e.g., Bonferroni) in this exploratory analysis,
considering the physiological interdependence of these measures.
Although the moderate effect sizes suggest meaningful physiological
differences, the lack of correction raises the possibility of type |
error; therefore, these findings should be interpreted with appropriate

caution.

4.1 | Strengths and limitations

To the best of our knowledge, this is the first study to assess
comprehensively both corticospinal and intracortical excitability, in
addition to voluntary muscle activation, in people with and without
PFP. Establishing reliability of our neurophysiological techniques (PNS
and TMS) adds rigour. In comparison to previous studies exploring
nervous system function in people with PFP, our sample size is larger
and was defined a priori, reducing the potential for error.

One limitation is the balance of male and female participants,
with females participants making up merely 24% of our total sample.
This was not intentional, but it does reduce the external applicability
of our findings, and future studies should seek to confirm whether
our findings also apply to females with PFP. Symptom duration was
prolonged and heterogeneous in our PFP population, which represents
a limitation common in PFP studies (Briani et al., 2025; Collins et al.,
2010). Variability in motoneuron pool excitability, state-dependent
influences (e.g., fatigue) and the use of M, for normalization might all
introduce noise into CSE estimates. This is reflected in the moderate
reliability observed for CSE in the PFP group (ICC = 0.62), indicating
greater measurement variability than for other outcomes. Although
the between-group differences remain, these limitations suggest
that conclusions regarding corticospinal excitability should be drawn

cautiously.

5 | CONCLUSION

This study provides new evidence of decreased voluntary activation
and reduced corticospinal excitability in people with PFP and shows
that the tools used to measure these variables are reliable. Diminished
corticospinal drive and impaired central motor output might be part
of the mechanism underlying the poor prognosis experienced by some
people with PFP. These findings underscore the importance of CNS
adaptations in managing people with PFP and that interventions might

need to be designed to address these deficits specifically.
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FIGURE A1 Group differences in maximum compound muscle action potential (a), maximal force (b), silent period (c) and short interval
intracortical inhibition (d) ratio between people without (n = 27) and with (n = 23) patellofemoral pain (PFP).
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