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Abstract Deficits in voluntary activation of the quadri-
ceps muscle are characteristic of knee osteoarthritis (OA),
contributing to the quadriceps weakness that is also a hall-
mark of the disease. The mechanisms underlying this cen-
tral activation deficit (CAD) are unknown, although cortical
mechanisms may be involved. Here, we utilize transcranial
magnetic stimulation (TMS) to assess corticospinal and
intracortical excitability in patients with knee OA and in a
comparably aged group of healthy older adults, to quantify
group differences, and to examine associations between
TMS measures and pain, quadriceps strength, and CAD.
Seventeen patients with knee OA and 20 healthy controls
completed testing. Motor evoked potentials were measured
at the quadriceps by superficial electromyographic record-
ings. Corticospinal excitability was assessed by measur-
ing resting motor threshold (RMT) to TMS stimulation of
the quadriceps representation at primary motor cortex, and
intracortical excitability was assessed via paired-pulse par-
adigms for short-interval intracortical inhibition (SICI) and
intracortical facilitation (ICF). No statistically significant
differences between patients with knee OA and healthy
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controls were found for RMT, SICI or ICF measures
(p > 0.05). For patients with knee OA, there were signifi-
cant associations observed between pain and RMT, as well
as between pain and ICF. No associations were observed
between CAD and measures of corticospinal or intracorti-
cal excitability. These data suggest against direct involve-
ment of corticospinal or intracortical pathways within pri-
mary motor cortex in the mechanisms of CAD. However,
pain is implicated in the neural mechanisms of quadriceps
motor control in patients with knee OA.

Keywords Transcranial magnetic stimulation - Motor
evoked potential - Quadriceps - Knee osteoarthritis

Introduction

Quadriceps weakness is a hallmark of knee osteoarthri-
tis (OA), with strong associations to clinical parameters
such as pain (O’Reilly et al. 1998; Peat et al. 2001), self-
reported function (McAlindon et al. 1993), and physical
performance (Liikavainio et al. 2007; Sharma et al. 2003).
The etiology of quadriceps weakness in knee OA remains
unclear, although the factors involved are likely complex
and multifactorial, potentially encompassing mechanisms
such as disuse atrophy, reflex inhibition due to pain and
inflammation, and decreased cortical drive (Hurley 1999;
Mizner et al. 2005b; Palmieri-Smith et al. 2007). The cen-
tral nervous system has been particularly implicated in
quadriceps weakness in knee OA, as patients have been
shown to exhibit a sharply diminished ability to voluntar-
ily activate the quadriceps muscle (Fitzgerald et al. 2004;
Lewek et al. 2004). This phenomenon, known as cen-
tral activation deficit (CAD), is commonly assessed using
peripheral, superimposed, electrical stimulation delivered
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directly to the muscle during a maximal voluntary isomet-
ric contraction, to measure whether additional force can be
generated. The well-documented and dramatic strength loss
that is often seen immediately after knee surgery is largely
explained by pronounced CAD (Mizner et al. 2005b), and
CAD is associated with measures of physical performance
in a variety of clinical populations, including patients with
knee OA and patients following ligament injury/recon-
struction and meniscectomy (Fitzgerald et al. 2004; Shake-
speare et al. 1985; Urbach et al. 1999, 2001). Although
CAD clearly plays a clinically important role in knee OA,
we do not yet understand the neurophysiological pathways
involved—from motor cortical activity through corticospi-
nal activity to the neuromuscular junction. Thus, the origins
of CAD remain to be elucidated.

Transcranial magnetic stimulation (TMS) of the motor
cortex has been used as a tool to understand intracortical
and corticospinal pathways involved with neuromuscular
function. Specifically, single-pulse TMS has been used to
examine the threshold required to produce motor evoked
potentials (MEPs) in a variety of muscles groups. Rest-
ing motor threshold (RMT) is thought to act as a general
measure of corticospinal excitability. Paired-pulse TMS
paradigms have been used to access pathways involved
with intracortical inhibition (ICI) or intracortical facilita-
tion (ICF) within the motor cortex. By manipulating the
interstimulus interval in these paired-pulse paradigms and
observing effects on the resulting MEPs, pathways that
appear to be preferentially governed by gamma-aminobu-
tyric acid (GABA)-mediated inhibition or N-Methyl-D-
aspartate (NMDA)-mediated facilitation can be studied
(Ziemann et al. 1996, 1998). These TMS measures have
previously been used to assess changes in neuromuscular
function associated with normal aging (Stevens-Lapsley
et al. 2013), as well as to characterize the pathophysiology
of neuromuscular deficits in clinical populations such as
stroke and multiple sclerosis (Caramia et al. 2004; Witten-
berg et al. 2007). For example, patients in the “relapsing”
phase of multiple sclerosis have been shown to demonstrate
higher motor thresholds and abnormalities in ICI compared
to patients in the “remitting” phase (Caramia et al. 2004).

Our previous work has explored corticospinal and intra-
cortical excitability of the quadriceps in physically active
younger and older adults (Stevens-Lapsley et al. 2013). A
recent case report used TMS to examine MEPs in a patient
with unilateral knee OA (Hunt et al. 2011), noting increases
in both MEP amplitude and quadriceps strength over the
course of a resistance-training program. Other studies have
examined changes in quadriceps strength and activation fol-
lowing the application of single-pulse or repetitive TMS to
the motor cortex (Gibbons et al. 2010). However, the bulk
of TMS research has been conducted in the upper extremity
and much remains to be learned regarding TMS assessment
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or modulation of quadriceps function, particularly in clini-
cal populations. In this study, we investigated TMS meas-
ures of quadriceps neurophysiology in a population of
patients with end-stage knee OA, as well as in a compara-
bly aged group of healthy adults. Our overall aims were to
determine (1) whether differences exist in corticospinal and
motor cortical excitability between patients with knee OA
and healthy controls and (2) whether there are correlations
between TMS measures and clinically relevant measures
of quadriceps strength, CAD, and knee pain. We hypothe-
sized that patients with knee OA would demonstrate dimin-
ished corticospinal excitability (increased RMT) as well
as diminished intracortical excitability (increased ICI and
decreased ICF) compared to healthy controls, thus contrib-
uting to increased CAD. We further hypothesized that, in
patients with knee OA, TMS measures would be signifi-
cantly correlated with quadriceps strength, CAD, and knee
pain.

Methods
Participants

Patients with knee OA were recruited from orthopedic
practices in the Denver metropolitan area. Patients were
included if they were awaiting unilateral total knee arthro-
plasty for OA. Patients were excluded if they had a body
mass index (BMI) of >35 m/kgz, history of diabetes, car-
diovascular disease, peripheral neuropathy, neurological
or psychiatric disease, lower quarter pain problems (other
than knee OA), or if they were taking medications known
to alter cortical excitability. The same exclusion criteria
applied to healthy controls with neither a history of knee
trauma nor current knee pain. Additionally, all participants
were required to meet the TMS safety criteria as outlined
by the National Institutes of Neurological Disorders and
Stroke (Wassermann 1998). This study was approved by
the Colorado Multiple Institutional Review Board, and
all participants provided written informed consent before
participation.

Electromyography recording

Participants were tested in a seated position, with approx-
imately 45° of hip flexion as previously described (Ste-
vens-Lapsley et al. 2013). Briefly, surface electromyogra-
phy (EMG) was collected via 3-cm Ag—Ag/Cl electrodes
(ConMed, Utica, NY, USA), with two electrodes placed
midway between the iliac crest and the lateral joint line of
the knee to record vastus lateralis (VL) activity. Ground
electrodes were placed on the contralateral patella for
all participants. The EMG signal was collected using a
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Biopac MP100 unit and AcqKnowledge (v3.8.1) soft-
ware (Biopac System Inc., Goleta, CA) and amplified at
a gain of 2,000 before being filtered online with a high
pass of 10 Hz and low pass of 500 Hz. Visual inspection
of EMG signal was performed during all TMS stimula-
tions to confirm that testing was performed on a resting
muscle. The right leg was assessed in all healthy controls,
and the involved lower extremity was assessed in patients
with knee OA.

Transcranial magnetic stimulation

Motor evoked potentials were produced and recorded by
stimulating the motor cortex contralateral to the VL being
tested. Stimuli were induced by a double cone coil con-
nected to two Magstim 2007 units joined by a BiStim?
module (The Magstim Company, Whitland, UK). A poste-
rior—anterior orientation of the double cone coil was used
to access the anatomical location of quadriceps represen-
tation on the motor homunculus. Each participant wore a
lycra cap displaying a grid, which was used to locate and
deliver stimuli at a number of locations until the optimal
stimulating point (largest and most consistent observation
of quadriceps MEPs) was found. The optimal stimulat-
ing point was marked, and all subsequent testing was per-
formed directly over this location. Stimuli were separated
by at least 3 s, with the exception of paired pulse pulses
during intracortical paradigms.

The RMT was defined for all participants as the mini-
mum stimulator intensity required to produce 5 of 10
MEPs whose peak-to-peak amplitudes exceeded 50 pV
and were at least two standard deviations above resting
EMG signal, as previously described (Stevens-Lapsley
et al. 2013). Once RMT was determined, paired-pulse
measurements were used to quantify intracortical excit-
ability using a sub-threshold conditioning stimulus (80 %
RMT) followed by a suprathreshold test stimulus (120 %
RMT). Pulses separated by 3 ms have been shown to pro-
duce an inhibitory effect on the test stimulus—known as
short-interval intracortical inhibition (SICI)—and pulses
separated by 15 ms have been shown to produce a facili-
tatory effect on the test stimulus (ICF) (Chen et al. 1998;
Kujirai et al. 1993). Ten SICI followed by ten ICF stimuli
were administered, and one set of ten stimuli at 120 %
RMT was then delivered for the purposes of normalizing
paired-pulse MEPs.

Isometric quadriceps torque and activation testing
Isometric quadriceps torque and voluntary quadriceps acti-

vation testing using a twitch interpolation technique were
performed, as previously described. (Behm et al. 1996,

2001; Mintken et al. 2007). A KIN-COM electromechanical
dynamometer (Chattanooga Group, Inc., Chattanooga, TN)
was used to measure quadriceps torque. Data were collected
using a Biopac data acquisition system (MP 100, BIOPAC
Systems, Inc., Goleta, CA) and subsequently analyzed with
AcgKnowledge software, version 3.8.2 (BIOPAC Systems,
Inc., Goleta, CA). Participants were positioned in the KIN-
COM dynamometer with 60° of knee flexion and asked to
perform a maximal voluntary isometric contraction (MVIC)
of the quadriceps muscle. Participants were provided both
visual and verbal feedback for three trials unless the first
two trials were consistent within 5 % of one another. The
trial with the largest MVIC torque output was used for data
analysis. A high voltage constant current stimulator (model
DS7AH, Digitimer Ltd., Hertfordshire, England) was used
for voluntary muscle activation testing via self-adherent,
flexible electrodes (7.6 x 12.7 cm, Supertrodes, SME, Inc.).
Voluntary activation of the quadriceps muscle was assessed
using the twitch interpolation technique, where a supramax-
imal stimulus was applied directly to the contracting quadri-
ceps muscle during an MVIC and again immediately after-
ward, when the muscle was at rest (stimulus parameters:
1-pulse, 500-ps pulse duration, 400 V) (Mizner et al. 2003,
2005b; Stevens et al. 2003). The increase in torque observed
as a result of the stimulus applied during the MVIC was
then normalized to the torque observed during the resting
stimulus. This value represented the decrease in activation
capacity for the quadriceps, which was subtracted from 1.0
to obtain the CAD. Thus, CAD values less than 1.0 repre-
sent incomplete motor unit recruitment or failure to achieve
maximal discharge rate from recruited motor units (Behm
et al. 2001).

Pain and self-reported function

The Western Ontario and McMaster Universities Osteo-
arthritis Index (WOMAC) was used to evaluate self-
report of knee-specific impairment in patients with knee
OA. It assesses the pain, joint stiffness, and perceived
disability associated with OA to determine the overall
impact on a patients’ perceived function. The pain sub-
scale is a 5-item, 20-point scale that assesses pain in
everyday situations (e.g., walking on flat surfaces). The
stiffness subscale is a 2-item, 10-point scale that assesses
perceived knee stiffness after walking and at the end of
the day. The disability subscale is 17-item, 68-point scale
that assesses perceived physical function in a variety of
everyday situations (e.g., getting in and out of a car).
The WOMAC is a valid, reliable, and responsive instru-
ment that is commonly used to assess pain and disability
in studies of knee OA (Bellamy et al. 1988; Jinks et al.
2002; Nebel et al. 2009).
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Data processing and analysis

Data for each TMS paradigm were averaged within each
individual and then averaged across individuals to calcu-
late group means. Paired-pulse values are reported as the
ratio of the mean MEP amplitude following the delivery
of the test pulse, compared to the mean unconditioned sin-
gle-pulse (120 % RMT) MEP amplitude averaged within
and then across participants. Group differences in uncon-
ditioned pulse (120 % RMT) amplitude were also exam-
ined to ensure that comparisons of paired-pulse amplitudes
would not be confounded by differences in this parameter.
Outcome measures and demographic variables (age and
BMI) between patients with knee OA and healthy controls
were compared using independent samples ¢ tests assuming
unequal variance. Difference in sex distribution between
groups was assessed using a chi-square test for proportions.

Table 1 Demographics of study participants (mean == SEM)

Patients with knee Healthy controls p

OA (n=17) (n=20)
Sex (% female) 53 50 0.860
Age (years) 6391138 58325 0.085
BMI (kg/m?) 283+ 1.0 250£25 0.018

Pearson’s correlation coefficients were calculated between
TMS measures (RMT, ICI, and ICF) and outcomes of
clinical relevance (quadriceps torque, CAD, and pain) for
patients with knee OA. Statistical significance was set at an
alpha level of 0.05. Data are reported as mean =+ standard
error of the mean (SEM) unless otherwise indicated. All
statistical analyses were performed with Statistical Package
for the Social Sciences, version 16.0 (SPSS Inc, Chicago,
IL).

Results

Thirty-one patients with knee OA and 33 healthy con-
trols met the inclusion criteria. Seventeen patients with
knee OA (age: 63.9 + 1.8 years; BMI: 28.3 + 1.0 kg/m?;
8 males and 9 females) and 20 healthy controls (age:
58.3 £ 2.5 years; BMI: 25.0 &+ 2.5 kg/mz; 10 males and
10 females) completed testing. Demographics of study par-
ticipants are shown in Table 1, and a detailed description
of screening, inclusion and exclusion from testing, or data
analysis is shown in Fig. 1.

As expected, patients with knee OA demonstrated
diminished quadriceps torque (Table 2), compared to
healthy controls (p = 0.004). Differences were also noted in
CAD, although they failed to reach statistical significance

Fig. 1 Flow chart for par-
ticipant inclusion and exclusion

Contacted by telephone for screening (n=170)

and available data for each

testing paradigm. RMT resting
motor threshold, SICI short-
interval intracortical inhibition,

ICF intracortical facilitation
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Patients with knee OA (n=124)

* Failed to meet eligibility criteria (n=45)
* Not interested in participating (n=48)
* Enrolled (n=31)

Healthy controls (n=46)

* Failed to meet eligibility criteria (n=5)
* Not interested in participating (n=8)
* Enrolled (n=33)

Discontinued Testing (n=14)
* No recordable MEP (n=5)
e Threshold too high (n=6)

¢ Intolerant to TMS (n=3)

Discontinued Testing (n=13)
* No recordable MEP (n=5)
e Threshold too high (n=5)

¢ Intolerant to TMS (3)

Completed testing (n=17)

| Completed testing (n=20)

Analyzed

* RMT (n=17)

* SICI (n=17)

*ICF (n=17)

* Quadriceps Strength (n=14)
* CAD (n=13)

Analyzed

* RMT (n=18)

* SICI (n=18)

*ICF (n=17)

* Quadriceps Strength (n=20)
* CAD (n=19)




Exp Brain Res (2014) 232:3991-3999

3995

Table 2 Muscle function, spinal reflex excitability, corticospinal
excitability and intracortical excitability for participants undergoing
TKA and healthy older adults (mean = SEM)

Patients with knee OA Healthy controls p

Quadriceps torque  89.9 &+ 13.1 163.7 £ 18.6 0.004
(Nm)
Voluntary activation 0.83 £ 0.04 0.92 £0.02 0.059
UPA (mV) 0.31 £ 0.06 0.28 + 0.04 0.600
Corticospinal excitability
RMT (%) 629 £ 2.1 62.6 £3.1 0.931
Intracortical measures
SICI 0.61 £0.10 0.62 £0.10 0.946
ICF 2.44 £ 0.46 3.29 £ 0.55 0.255

UPA unconditioned pulse amplitude, RMT resting motor threshold
(% machine output), SICI short-interval intracortical inhibition, /CF
intracortical facilitation

(p = 0.059). Contrary to our hypothesis, there were no
significant differences observed in corticospinal excitabil-
ity (Table 2) between patients with knee OA and healthy
controls, as measured by RMT (p = 0.931). Furthermore,
although the paired-pulse paradigms used to assess SICI
and ICF produced inhibition and facilitation as expected
(Table 2), there were no significant differences in intracor-
tical excitability for SICI (p = 0.946) or ICF (p = 0.255)
between patients with knee OA and healthy controls
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Fig. 2 Bar charts for group comparisons in a quadriceps torque, b
voluntary activation, as measured by normalized twitch interpola-
tion technique, ¢ corticospinal excitability, as measured by RMT of
quadriceps, and d intracortical inhibition and intracortical facilita-

(Fig. 2). There were also no group differences observed in
unconditioned pulse (120 %) amplitude (Table 2).

For patients with knee OA, RMT was found to be sig-
nificantly correlated with measures of strength and pain
(Table 3). There was a significant negative association
between RMT and pain (r = —0.575, p = 0.016). We also
observed a significant positive association between RMT
and quadriceps torque (r = 0.691, p = 0.009). Because
of the potential for incomplete muscle relaxation among
patients with high pain levels to influence RMT, we exam-
ined both the bivariate correlation between RMT and pain,
as well as this correlation with the addition of resting EMG
signal (in the 25 ms prior to TMS stimulation) as a covari-
ate. The correlation between RMT and pain remained sig-
nificant even after controlling for resting EMG signal, thus
ruling out a potential confounding effect of incomplete
muscle relaxation in patients with higher pain levels.

There were significant associations found between
ICF and measures of self-reported pain (r = —0.495,
p = 0.043) and stiffness (r = —0.548, p = 0.023), although
the relationship between ICF and quadriceps torque was
not statistically significant (r = 0.394, p = 0.183). There
were no significant associations observed between CAD
and measures of corticospinal or intracortical excitability
(Table 3). Measures of intracortical inhibition (SICI) were
not significantly associated with quadriceps torque, pain, or
self-reported function.

(b) !
0.8 -

0.6

CAD

0.4

0.2 4

Patients with knee
OA

Healthy Controls

3; 1(d) SICI mICF
2.5 4
2
1.5 1
1 4
0.5 +

Patients with knee
OA

Healthy Controls

tion, as measured by SICI and ICF paradigms, respectively. Data are
shown as mean + SEM. RMT resting motor threshold, SICI short-
interval intracortical inhibition, ICF intracortical facilitation

@ Springer



3996

Exp Brain Res (2014) 232:3991-3999

Table 3 Pearson’s correlation coefficients for associations between
TMS measures and measures of CAD, quadriceps strength, and self-
reported pain, stiffness, and disability

Voluntary Quadriceps  WOMAC
activation torque (Nm) - - —
Pain Stiffness Disability
RMT  0.285 0.691%** —0.575% —0431 —0.480
SICI —0.278 0.322 —0.306 —0.114 —0.158
ICF —-0.334 0.394 —0.495*% —0.548* —0.439
Quadriceps torque (Nm) —0.821%*

The correlation between quadriceps torque and pain is also shown

RMT resting motor threshold, SICI short-interval intracortical inhibi-
tion, /CF intracortical facilitation

* Correlation is significant at p = 0.05; ** correlation is significant at
p=0.01

Discussion

To our knowledge, this is the first study to use TMS to
examine intracortical and corticospinal mechanisms for
quadriceps CAD in patients with knee OA. Contrary to our
hypothesis, we did not find significant differences in RMT,
SICI, or ICF between patients with knee OA and healthy
controls. We also did not observe a significant association
between any of the TMS measures and CAD. This sug-
gests against a direct role of primary motor cortex in the
mechanisms of CAD. However, for patients with knee OA,
we found significant associations between measures of cor-
ticospinal and intracortical excitability and measures of
strength and pain. There was a positive correlation between
RMT and strength, such that patients with lower RMT
(higher overall corticospinal excitability) demonstrated
reduced quadriceps torque. There was also a significant
negative correlation between RMT and pain, indicating that
patients with higher levels of pain tended to demonstrate
greater excitability of the quadriceps corticospinal system.
We also found a significant negative correlation between
ICF and pain, suggesting that patients with higher levels of
pain tended to demonstrate reduced intracortical facilita-
tion. In this study, MEPs during the SICI paradigm did not
appear to be associated with strength or pain.

This study adds to our knowledge of the complex pro-
cesses involved with pain and neuromuscular control of
the quadriceps in patients with knee OA. The diagnosis
“knee OA” is clinically defined by the presence of pain
(Zhang et al. 2010), and both quadriceps strength and vol-
untary activation deficits often co-occur with this diagnosis
(O’Reilly et al. 1998; Petterson et al. 2008; Pietrosimone
et al. 2011). Our data provide further evidence support-
ing a strong association between quadriceps torque and
pain (Table 3). Our data also link corticospinal excitability
(assessed by RMT) with both quadriceps torque and pain.
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However, our measures of corticospinal and intracortical
excitability were not associated with measures of CAD, nor
were there group differences in any TMS measures. This
suggests against a major role for primary motor cortex in
the mechanisms of voluntary activation deficits in patients
with knee OA. The motor output of the quadriceps can be
conceptualized as the sum of excitatory and inhibitory pro-
cesses throughout the neuraxis, and our measure of CAD
also reflects a balance of multiple neurophysiological pro-
cesses. The lack of an association between intracortical
measures and CAD may therefore implicate areas other
than primary motor cortex in the etiology of CAD. Specifi-
cally, further research utilizing measures of spinal excita-
bility, such as Hoffman’s reflex, could provide insight into
the relative contributions of cortical and spinal excitability
in quadriceps activation for patients with knee OA.

Although we did not observe group differences in meas-
ures of intracortical facilitation or inhibition, the inverse
relationship observed between pain and ICF suggests that
motor cortex activity may indeed change with disease
severity in knee OA. There is now evidence in favor of sen-
sory and premotor cortical changes in this population, with
recent studies demonstrating poor performance of a motor
imagery task and reduced tactile acuity at the knee among
patients with knee OA (Stanton et al. 2012, 2013). Future
research could seek to assess motor cortex somatotopy in
knee OA (via cortical mapping) to determine whether sen-
sorimotor cortical reorganization relates to cortical excit-
ability and changes in motor control.

When considering the behavior of TMS measures
across chronic pain populations, group differences may or
may not manifest, depending on the nociceptive mecha-
nisms involved. For example, no significant differences in
motor threshold were found between a group of patients
with CRPS and healthy controls, but a subset of patients
with allodynia was found to exhibit significantly lower
motor thresholds (Schwenkreis et al. 2003). On the other
hand, patients with low back pain have been shown to
exhibit elevated active motor thresholds of the erector spi-
nae muscles—or apparently reduced overall corticospinal
excitability—compared to healthy controls (Strutton et al.
2005). In a recent study comparing patients with upper
extremity neuralgia to patients with OA of the hand and
healthy controls, no differences in TMS measures were
found between patients with OA and healthy older adults.
However, cortical disinhibition (increased intracortical
facilitation and reduced intracortical inhibition) was found
to occur in patients with neuralgia, relative to both controls
and patients with OA (Schwenkreis et al. 2010). Further-
more, among patients with neuralgia, cortical disinhibition
appeared to be related to pain intensity rather than sever-
ity of nerve damage, suggesting a link between neuropathic
pain mechanisms and changes in motor cortex function.
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Our results are partially consistent with these reports. We
found no differences in TMS measures between patients
with knee OA and healthy older adults. However, we found
a significant negative correlation between intracortical
facilitation and pain among patients with knee OA. The
study by Schwenkreis et al. (2010) did not examine within-
group correlations between TMS measures and pain among
patients with OA, so it is not known whether their findings
of pain-related cortical disinhibition among patients with
upper extremity neuralgia would be replicated or contra-
dicted in the OA group. Nevertheless, our results support
the overall finding that mechanisms governing the relation-
ship between pain and motor cortex function differ based
on pain mechanisms. Patients with nerve injury or central
neuropathic pain appear to exhibit cortical disinhibition,
while patients with OA (with pain resulting from direct
nociceptor stimulation) appear not to differ significantly
from healthy controls in measures of cortical/corticospinal
excitability. While our results provide evidence that pain-
dependent cortical/corticospinal changes may occur in knee
OA, the magnitude of these changes appears reduced rela-
tive to more severe neuropathic pain conditions.

The functional connectivity between the pain system and
other sensorimotor systems is likely to differ across pain
pathologies (Lefaucheur et al. 2006; Schwenkreis et al.
2010). Pain conditions that are associated with profound
central changes (e.g., complex regional pain syndrome)
appear to involve widespread cortical changes (Juottonen
et al. 2002; Maihofner et al. 2007; Schwenkreis et al. 2003),
whereas conditions such as peripheral nerve injury—with
consistent ectopic peripheral bombardment of the nocic-
eptive system—appear to demonstrate hemisphere-specific
motor cortical changes (Schwenkreis et al. 2010). The type
and severity of nociceptive activity in knee OA may not be
sufficient to induce the same cortical changes observed in
these neurologically driven pain pathologies.

In addition, for patients with knee OA, motor demands
placed on the quadriceps may necessitate a different bal-
ance of cortical and corticospinal excitability than has
been observed in other pain conditions. Multiple studies
have revealed an inverse relationship between quadriceps
strength and pain in knee OA (Hall et al. 2006; O’Reilly
et al. 1998; Segal et al. 2010). At the same time, a certain
amount of quadriceps force may be required for perfor-
mance of common functional tasks, in spite of pain (Miz-
ner et al. 2005a; Sharma et al. 2003; Yoshida et al. 2008).
The results of our study suggest that an increased quadri-
ceps corticospinal excitability is associated with higher
pain levels in patients with knee OA, which may repre-
sent a neurophysiological adaptation to reduced strength
in this important force generator. Somewhat paradoxically,
we also observed an inverse relationship between ICF and
pain, which suggests that systemic neurophysiological

changes are not built simply around the goal of improving
quadriceps force production.

The finding that pain is associated with both reduced
intracortical facilitation and elevated corticospinal excit-
ability seems contradictory. However, it is important to
remember that these measures offer relatively static assess-
ments of motor neurophysiology in a resting muscle,
while the functional requirements of the knee joint and the
pain associated with knee OA are complex and dynamic.
According to the recent work of Hodges and Tucker (in
their theory of motor adaptation to pain), pain-related
changes in motor activity may not consistently involve
excitation or inhibition, but may instead occur in variable
patterns that ultimately serve to protect the painful body
part and reduce the overall experience of pain (Hodges and
Tucker 2011). In the case of knee OA, this could conceiv-
ably involve an attempt to maximize quadriceps strength
during dynamic functional tasks (to attenuate forces
through the knee joint) while—at the same time—attempt-
ing to reduce resting knee joint compressive forces through
selective inhibition of the quadriceps, perhaps via reduced
ICF at the level of primary motor cortex. In other chronic
pain conditions, including upper extremity neuralgia, the
balance between functional motor demands and pain—
and the influence of motor activity on nociception—may
simply require different patterns of intracortical and corti-
cospinal excitability. Longitudinal studies will be required
to parse the time course of these changes and help eluci-
date directional or causal relationships between pain and
altered cortical excitability. At this point, it remains unclear
whether the observed neurophysiological changes contrib-
ute to disease pathology or represent an adaptive response
to pain.

The time period immediately following knee replace-
ment surgery tends to be characterized by both a dramatic
increase in CAD as well as a predictable resolution of pain.
Our results are consistent with the idea that pain influences
cortical activity and corticospinal excitability. Longitudi-
nal studies of patients undergoing knee replacement sur-
gery may therefore help to clarify the complex associations
between pain, CAD, and TMS measures of CNS excitabil-
ity in patients with knee OA.

This study has several limitations that are important
to note. Due to our exclusion criteria and the difficulty
in obtaining TMS measures in all participants, these data
reflect only a subset of all potential healthy controls and
patients with knee OA. Although the rates of missing data
are similar between groups, we cannot rule out the possi-
bility of a selection bias that influences group comparisons
and within-group correlations. Intra- and interindividual
variability is high in TMS, with reports of up to 50 % vari-
ability, depending on the measurement technique (Wasser-
mann 2002). Our study did not control for factors such as
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caffeine and alcohol intake, circadian rhythm, circulating
hormone levels, or other influences on neural function that
are thought to contribute to the variability in TMS meas-
ures (Wassermann 2002).

As mentioned, resting motor threshold—a surrogate of
corticospinal excitability—reflects a balance of multiple
processes occurring throughout the neuraxis and there-
fore cannot directly implicate spinal or cortical processes.
Future studies should consider implementing measures of
spinal excitability (e.g. Hoffman’s reflex) or other meas-
ures of corticospinal excitability, such as stimulus response
curves, to provide additional or confirmatory information
on the anatomical locations responsible for disease-specific
or pain-specific changes in motor neurophysiology. We also
did not perform measures of systemic arousal in this study
(e.g. vascular responses to stress), so we cannot rule out a
possible confounding effect of “arousal” in the relationship
between pain and motor threshold. However, regardless of
the mechanisms by which pain and motor neurophysiol-
ogy are associated, we feel the relationship is of potential
significance to our understanding of knee OA pathophysi-
ology. Specifically, future work may seek to examine this
relationship, perhaps by including measures of arousal or
other important covariates to help clarify mechanisms and
elucidate potential targets for intervention.

Conclusion

Corticospinal and intracortical excitability were similar
between patients with knee OA and healthy controls. For
patients with knee OA, there were significant associations
observed between pain and RMT, as well as between pain
and ICF, suggesting a possible role for pain in the neural
mechanisms of quadriceps motor control in knee OA. No
associations were observed between CAD and measures of
corticospinal or intracortical excitability. Given the impor-
tance of quadriceps strength to mobility and physical per-
formance in patients with knee OA, future studies should
focus on elucidating the complex mechanisms involved in
CAD, perhaps by further investigating the role of pain in
quadriceps motor neurophysiology.
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