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Abstract.
Background: Paired associative stimulation (PAS) combining repeated pairing of electrical stimulation of a peripheral nerve
with transcranial magnetic stimulation (TMS) over the primary motor cortex (M1) can induce neuroplastic adaptations in
the human brain and enhance motor learning in neurologically-intact individuals. However, the extent to which PAS is an
effective technique for inducing associative plasticity and improving motor function in individuals post-stroke is unclear.
Objective: The objective of this pilot study was to investigate the effects of a single session of PAS to modulate corticomotor
excitability and motor skill performance in individuals post-stroke.
Methods: Seven individuals with chronic stroke completed two separate visits separated by at least one week. We assessed
general corticomotor excitability, intracortical network activity and behavioral outcomes prior to and at three time points
following PAS and compared these outcomes to those following a sham PAS condition (PASSHAM).
Results: Following PAS, we found increased general corticomotor excitability but no significant difference in behavioral
measures between PAS conditions. There was a relationship between PAS-induced corticomotor excitability increase and
enhanced motor skill performance across post-PAS testing time points.
Conclusion: These results provide preliminary evidence for the potential of PAS to increase corticomotor excitability that
could favorably impact motor skill performance in chronic individuals post-stroke and are an important first step for future
studies investigating the clinical application and behavioral relevance of PAS interventions in post stroke patient populations.
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1. Introduction

Despite intensive rehabilitation efforts, the major-
ity of individuals post-stroke display persistent
functional disability of the paretic arm and hand.
These motor impairments are, in part, a result of
maladaptive changes in the strength and organiza-
tion of structural and functional connections between
brain regions (Takatsuru et al., 2009; Taub et al.,
1994). Intracortical network interactions between

∗Corresponding author: Jacqueline A. Palmer, 1441 Clifton Rd,
Atlanta, GA, USA. Tel.: +1 404 712 0612; Fax: +1 404 712 4130;
E-mail: Jacqueline.a.palmer@emory.edu.

afferent pathways to the somatosensory cortex and
efferent pathways within the motor cortex typically
result in a balanced pattern of cortical excitation
and inhibition that is necessary for motor control in
neurologically-intact individuals (Roy & Gorassini,
2008). Compromised somatosensory cortical func-
tion following stroke may disrupt intracortical
interactions between the primary somatosensory
(S1) and primary motor cortex (M1) leading to
impairments in motor function in individuals post-
stroke (Borich, Brodie, Gray, Ionta, & Boyd, 2015).
Therapeutic interventions that effectively target sen-
sorimotor pathways could potentially enhance motor
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recovery in individuals living with post-stroke motor
disability.

Neuromodulatory techniques using non-invasive
brain stimulation (NIBS) have previously targeted
somatosensory networks and motor pathways in
isolation, but few studies have implemented NIBS
strategies to specifically target pathways of sensori-
motor integration. Repetitive transcranial magnetic
stimulation (rTMS) and transcranial electrical stimu-
lation (TES) are NIBS approaches that can modulate
abnormal brain activity after stroke. However, these
techniques have shown limited effectiveness in sig-
nificantly improving motor function in stroke despite
substantial scientific inquiry (Elsner B, Kugler J, &
Pohl M, 2016; Hao, Wang, Zeng, & Liu, 2013).
One important reason may be that rTMS tar-
gets a single cortical region rather than targeting
associative plasticity mechanisms between cortical
regions known to be important for motor func-
tion. Modification of synaptic responsiveness at a
network level can be induced through associative
neuroplasticity mechanisms with paired associative
stimulation (PAS). In neurologically-intact individ-
uals, traditional PAS approaches can increase or
decrease M1 cortical excitability by repeatedly asso-
ciating electrical stimulation of a peripheral nerve
with a TMS pulse delivered over the contralateral
M1 depending on the specific interstimulus inter-
val (Stefan, Kunesch, Cohen, Benecke, & Classen,
2000). Based on the concept of spike-timing depen-
dent plasticity (STDP), PAS is hypothesized to
induce long-term potentiation (LTP)-like plasticity
represented by changes in corticomotor excitabil-
ity when stimulus pairs are repeatedly delivered
at an interstimulus interval (ISI: ∼20–25 ms) that
maximizes coincident timing of stimuli in the tar-
geted cortical regions (Carson & Kennedy, 2013;
Muller-Dahlhaus, Orekhov, Liu, & Ziemann, 2008).
In neurologically-intact individuals, facilitatory PAS
techniques can increase corticomotor excitability
(Carson & Kennedy, 2013; Castel-Lacanal, Gerdelat-
Mas, Marque, Loubinoux, & Simonetta-Moreau,
2007; Stefan, Kunesch, Benecke, Cohen, & Classen,
2002; Stefan, Wycislo, & Classen, 2004) and improve
motor task performance (Player, Taylor, Alonzo,
& Loo, 2012). However, there are no studies to
date that have investigated the neurophysiologic or
behavioral effects of a traditional facilitatory PAS
technique in individuals post-stroke. Using a mod-
ified PAS paradigm, Castel-Lacanal et al. found
increased measures of general corticomotor excitabil-
ity to wrist extensor muscles in both a group of

two (Castel-Lacanal et al., 2007) and six individu-
als post-stroke (Castel-Lacanal et al., 2009). Another
study pairing peripheral nerve stimulation with tran-
scranial direct current stimulation (tDCS) directed
towards motor region of the ipsilesional hemisphere
observed improvements in performance accuracy on
a keyboard-based skilled motor task in individuals
post-stroke (Celnik, Paik, Vandermeeren, Dimyan,
& Cohen, 2009). Despite the potential importance to
clinical translation, there is a paucity of studies inves-
tigating associations between PAS-induced changes
in corticomotor excitability and motor behavior.
Additionally, the extent to which traditional PAS
approaches that can effectively enhance corticomotor
excitability in young neurologically-intact individu-
als may also induce similar neuroplastic changes in
individuals after stroke is unknown. Understanding
the extent to which PAS can induce positive neuro-
plastic and motor behavioral changes in stroke patient
populations is an important prerequisite to evaluate
clinical translational potential.

Previous research has attempted to leverage our
understanding of the neural manifestations under-
pinning paretic arm and hand motor impairment
into the development of stroke rehabilitation tech-
niques to improve functional outcomes. Following
stroke, there is an observed decrease in ipsile-
sional M1 corticomotor excitability that results from
both decreased facilitatory activity and increased
inhibitory activity in GABA-mediated circuits (Ward
& Cohen, 2004). This abnormal corticomotor
excitability has been associated with the level of
post-stroke motor dysfunction (Koski, Mernar, &
Dobkin, 2004; Manganotti et al., 2002; Traversa,
Cicinelli, Pasqualetti, Filippi, & Rossini, 1998) and
increases in ipsilesional corticomotor excitability
have been shown to parallel improvements in paretic
limb motor function over the course of recovery
(Rapisarda, Bastings, de Noordhout, Pennisi, & Del-
waide, 1996) and following rehabilitation. (Koski
et al., 2004). Thus, stroke rehabilitation approaches
that effectively enhance corticomotor excitability
within the ipsilesional hemisphere could poten-
tially improve paretic motor function in individuals
post-stroke. Given that traditional facilitatory PAS
techniques can increase corticomotor excitability in
the targeted hemisphere and improve motor task per-
formance in neurologically-intact individuals, it is
then conceivable that facilitatory PAS could modulate
abnormal activity in intracortical circuits contribut-
ing to reduced ipsilesional corticomotor excitability
in individuals post-stroke (Carson & Kennedy, 2013;
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Humeau, Shaban, Bissiere, & Luthi, 2003; Kuji-
rai, Kujirai, Sinkjaer, & Rothwell, 2006; Player et
al., 2012). Still, the underlying intracortical mech-
anisms by which PAS induces changes in general
corticomotor excitability measures remain specula-
tive even in neurologically-intact individuals amidst
inconsistent findings (Carson & Kennedy, 2013).
Some studies have shown changes in short interval
cortical inhibition (SICI) and intracortical facilita-
tion (ICF) following traditional PAS (Kujirai et al.,
2006) while other studies showed no change in mea-
sures reflecting the activity of intracortical networks
(Russmann, Lamy, Shamim, Meunier, & Hallett,
2009; Sale, Ridding, & Nordstrom, 2007; Stefan et
al., 2002). Considering the atypical cortical network
activity observed in the brain after stroke, PAS may
well have a different mechanistic corticomotor and
behavioral effect in a stroke survivor when compared
to a neurologically-intact individual. However, the
underlying intracortical mechanisms of PAS-induced
neuroplastic and behavioral changes in individuals
post-stroke have not been previously investigated.

Currently, there is a limited understanding of PAS-
induced neuroplastic and motor behavioral changes
in individuals post-stroke. The primary purpose
of this study was to determine the capacity for
PAS to induce short-term changes in ipsilesional
corticomotor excitability in individuals post-stroke.
Secondarily, we aimed to investigate the intracortical
neural networks underlying PAS-induced changes in
corticomotor excitability and explore the behavioral
effects of PAS on motor skill performance.

2. Methods

A single-group repeated measures crossover
experimental study design was used (Fig. 1). Seven
individuals with chronic stroke (>6 mo.) (age: 67 ±
11 years, 3 males, Upper Extremity Fugl-Meyer

Fig. 1. Experimental paradigm. During the PAS protocol 180 pulse
pairs using an interstimulus interval of N20+5 ms at 0.25 Hz were
delivered over the median nerve and primary motor cortex. Mea-
sures of corticomotor excitability (1 mV, SICI, ICF, SAI) and motor
skill performance (SRTT) were assessed at baseline, immediately
following PAS (POST 0) and at 30 and 60 minutes following PAS
(POST30 an POST60). (SICI: short interval cortical inhibition,
ICF: intracortical facilitation, SAI: short afferent inhibition, SRTT:
serial reaction time task).

Assessment score: 53 ± 12) were recruited (Table 1).
Participants were included if they were between the
ages of 21 to 85, had a single subcortical ischemic
stroke and a Fugl-Meyer score of >30. Participants
were excluded if they had a hemorrhagic stroke due
to increased risk for seizure (Kilpatrick et al., 1990;
Sung & Chu, 1989), history of multiple clinically-
significant strokes, a neurodegenerative disorder or
psychiatric diagnosis, or had any contraindications to
TMS (Rossini et al., 2015). All participants gave writ-
ten informed consent and the experimental protocol
was approved by the Emory University Institutional
Review Board.

2.1. Assessment of motor behavior

A modified version of the serial reaction time task
(SRTT) (Cohen, Pascual-Leone, Press, & Robertson,

Table 1

Participant characteristics. Mean values ± 1SD are shown. FM: Fugl-Meyer Upper Extremity Assessment; PSD: Post-stroke
Duration (in months); RMT: Resting motor threshold

ID Age (y)/ gender CVA location PSD (mo) RMT (iM1) PAS RMT (iM1) sham FM score

S02 46/F L BG/IC/TL 30 50 49 62
S03 64/F R ACA 42 63 58 58
S04 62/F L IC 145 68 73 59
S06 80/M R MCA 35 45 46 35
S08 75/M R Thalamus, Cerebral peduncle, BG/IC 12 64 63 54
S09 74/F R Corona radiata, caudate, putamen 13 35 38 40
S10 66/M L BG 133 53 55 66
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2005) was used to evaluate motor skill performance.
Briefly, participants were seated in front of a key-
board and a computer screen that displayed a row
of white rectangular targets corresponding to each
of four sequential keys on the keyboard. Participants
were asked to press the key corresponding to the
stimulus target as quickly and accurately as possible.
The next target would be presented 400 ms follow-
ing each correct key press. Participants completed
a total of 280 key presses during each assessment.
During the first block of 50 key presses, the key
stimulus sequence was displayed in random order.
During the next 15 blocks, a 12-element repeated
sequence was presented in each block without par-
ticipant awareness to evaluate implicit sequence skill
performance. During the last block, 50 key presses
were presented again in a random order. The dura-
tion of each assessment was dependent on participant
response time (RT) and each SRTT assessment lasted
approximately 3–5 minutes. To evaluate basal motor
performance, only the mean RT across the first block
of 50 key presses was analyzed in this study. Par-
ticipants performed the SRTT for the paretic and
nonparetic limb in random order at baseline (PRE),
POST0, POST30, and POST60 minute time points
relative to the PAS protocol delivery.

2.2. Assessment of median nerve somatosensory
evoked potentials (SEPs)

To evaluate SEPs, a standard bar electrode was
placed over the median nerve of the paretic hand
with the cathode proximal and the distal end of the
electrode aligned with the wrist crease. Localiza-
tion of stimulation was based on participant report
of tingling sensation in the hand territory of innerva-
tion. Once the site was determined, stimuli (200�s
square wave, monophasic pulse) were delivered a
constant current stimulator (DS7A, Digitimer Ltd.)
at increasing intensities until an M-wave of 1 mV
in peak-to-peak amplitude was evoked in the paretic
APB muscle.

During SEP assessment, two hundred stimuli
(∼1 mV threshold intensity) were delivered at 3 Hz
while the paretic APB was maintained at rest (con-
firmed by online monitoring of continuous EMG
signals by one of the study staff). Participants were
asked to report any discomfort or abnormal sensa-
tions during the assessment. Electroencephalography
(EEG) data were continuously recorded (sampling
frequency: 5000 Hz, impedance:<5k�, frequency
range: 0–1000 Hz, 0.5 � V/bit resolution) using a

32-channel TMS-compatible electrode cap (Easy
Cap) and amplifier (BrainAmp DC, Brain Products
Ltd). The latency of the mean peak of the N20 com-
ponent of the SEP was extracted from the electrode
overlying the primary somatosensory cortex (S1) in
the ipsilesional hemisphere (CP3 or CP4) using cus-
tom Matlab functions and EEGLAB (Delorme &
Makeig, 2004). The individual N20 latency was deter-
mined for each participant and used to determine the
interstimulus interval for PAS delivery and the assess-
ment of short afferent inhibition (SAI) described
below.

2.3. Assessments of corticomotor excitability

Corticomotor excitability was assessed at PRE,
POST0, POST30, and POST60 minute time points
relative to the PAS protocol measuring the peak-
to-peak amplitude of the motor evoked potential
(MEP) response. During baseline TMS threshold-
ing procedures and cortical excitability assessments,
participants were seated upright comfortably in an
arm chair while monophasic magnetic pulses with
a 100�s approximate rise time and a 1.0 ms total
pulse duration were delivered through a 70 mm hand-
held figure-of-eight coil connected to two Magstim
2002 stimulators through a Bistim module (MagStim
Ltd., Wales, UK). The coil was oriented perpendicu-
lar to the central sulcus to induce a posterior-anterior
current in the primary motor cortex (M1) of the ipsile-
sional hemisphere (Devanne, Lavoie, & Capaday,
1997). Cortical excitability was evaluated by measur-
ing the peak-to-peak amplitude of the motor evoked
potential (MEP) response using surface electromyo-
graphy (EMG). EMG activity was recorded using
surface electrodes (9 mm diameter, 4–5 mm inter-
electrode distance) that were carefully positioned and
affixed to the skin overlying the paretic APB mus-
cle belly, with the electrodes aligned parallel to the
muscle fiber orientation. EMG data were sampled
using a 16 channel EMG system (BrainAmp ExG
amplifier, Brain Products GmbH) at a rate of 5000 Hz
and band-pass filtered at 10–1000 Hz. Stereotac-
tic neuronavigation software (BrainSight®, Rogue
Research Inc.) utilizing each participant’s high-
resolution T1 anatomical MRI image (TR = 7.4 ms,
TE = 3.7 ms, flip angle θ = 6◦, FOV = 256 mm, 160
slices, 1 mm thickness) that was collected prior to
the first TMS session. This MRI image was used
to map the location of the target paretic abductor
pollicis brevis (APB) muscle representation within
the lesioned M1. The optimal site for TMS was
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determined for each participant using standard pro-
cedures (Devanne et al., 1997). The selected hotspot
and coil orientation were registered with Brainsight®

for each participant and used in real-time to ensure
coil placement and orientation remained consistent
for all TMS assessment measures and the PAS
intervention.

Prior to assessment or intervention, the resting
motor threshold (RMT) needed to produce a > 50�V
peak-to-peak amplitude MEP response in at least
3 out of 5 trials was determined for each partici-
pant. Additionally, we determined the TMS intensity
needed to produce a ∼1 mV MEP response in the
same proportion of trials (Castel-Lacanal et al., 2009;
Nitsche et al., 2007; Player et al., 2012). If a 1 mV
MEP could not be elicited, the maximal MEP ampli-
tude was determined and stimulator intensity was
set to elicit a MEP 50% of the maximum amplitude
to minimize potential floor or ceiling effects during
excitability assessments. At each assessment, TMS
was delivered over the ipsilesional M1 APB hotspot
at a rate of 0.1 to 0.25 Hz as 20 MEPs were obtained
for each TMS condition. Given attention levels can
affect the corticomotor response (Stefan et al., 2004),
a visual stimulus was present on the computer screen
positioned directly in front of the participant at ran-
domly timed intervals. The participant counted the
number of visual stimuli and reported the number
after each assessment. The following TMS assess-
ments were performed:

SINGLE-PULSE 1 mV MEP RESPONSE: The
test stimulus was set to the ∼1 mV threshold iden-
tified before the PAS intervention. Thresholds were
not re-evaluated at post-PAS assessments.

SHORT AFFERENT INHIBITION (SAI): The
influence of afferent input to primary somatosensory
cortex on corticomotor output and the subsequent
MEP response constituted a measure of SAI. Sin-
gle electrical stimuli applied over the paretic median
nerve preceded single TMS pulses over the lesioned
M1. During the SAI assessment, an interstimu-
lus interval of individual N20 latency plus 3 ms
(PASN20+3) between the median nerve (intensity:
∼1 mV M wave) and M1 stimulation (intensity:
∼1 mV MEP) was used.

SHORT INTERVAL INTRACORTICAL INHIBI-
TION (SICI) AND INTRACORTICAL FACILITA-
TION (ICF): Inhibitory and facilitatory intracortical
components of general corticomotor excitability
assessed using SICI and ICF, respectively. The inter-
stimulus intervals between the conditioning and test
TMS pulse were set at 2 ms (SICI) and 12 ms (ICF)

(Di Lazzaro et al., 2006). The conditioning stimulus
was set at an intensity of 80% RMT while the test
stimulus was set at the same ∼1 mV MEP intensity
used for the single-pulse MEP measures (Ziemann,
Rothwell, & Ridding, 1996).

2.4. Paired associative stimulation (PAS)
paradigm

Participants completed two PAS conditions (PAS
and PASSHAM) performed approximately one week
apart. The order of each session was randomized.
During both sessions, participants were seated com-
fortably in a chair with arms resting in a pronated
position on a pillow on a table set just below the level
of the chest. The paretic median nerve was stimu-
lated at the same intensity used for SAI assessment
procedures and was held constant for the duration
of the PAS session. The site of stimulation was over
the ipsilesional M1 motor hotspot and the intensity
was set to the ∼1 mV threshold for the paretic APB
muscle, as described above.

During the PAS session, a single electrical pulse
applied over the paretic median nerve was combined
with single-pulse TMS over the lesioned M1. For the
PAS protocol, the interstimulus interval between the
median nerve and M1 stimulation was the individ-
ual N20 latency plus 5 ms to account for conduction
time between S1-M1 cortico-cortical connections
(Conde et al., 2013; Goldring, Aras, & Weber, 1970)
(PASN20+5). Each PAS session consisted of 180 pairs
of stimuli (median nerve and TMS) delivered at
0.25 Hz. During the PAS session, participants were
instructed to keep APB muscles relaxed bilaterally
(verified by monitoring of continuous EMG activ-
ity). Due to the effects of attention on PAS-induced
plasticity, participants were also asked to count the
number of visual stimuli that appeared directly over
the paretic APB muscle location (Stefan et al., 2004).
The PASSHAM session followed identical procedures
to the PAS session, except that TMS pulses were
delivered with the orientation of the coil perpendic-
ular to the scalp to minimize biological effects of
stimulation.

2.5. Data reduction and analyses

2.5.1. Corticomotor excitability
At each assessment, the peak-to-peak MEP ampli-

tudes were averaged for each participant. Mean
amplitudes of SAI, SICI and ICF were expressed as a
ratio of conditioned over unconditioned (1 mV) MEP
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responses. Percent change relative to the PRE test-
ing time point was calculated for each MEP variable
as [(PRE – POST)/PRE]*100 (Nitsche et al., 2007;
Player et al., 2012).

2.5.2. Motor skill performance
The average RT of the 50 key presses completed

in the first random block of the modified SRTT was
calculated for each assessment for each hand. The RT
(reaction time + movement time) was defined as the
time between the visual stimulus presentations to the
time of the correct key press.

All MEP data for each condition were tested
for normality and homogeneity of variance using
Kolmogorov-Smirnov and Levene’s tests respec-
tively. If these tests met assumptions of normality
and homogeneity of variance as indicated by a non-
significant test result, then statistical testing was
performed using parametric procedures. Separate
repeated measures analysis of variance (ANOVA)
tests with within-subject factors of time (PRE,
POST0, POST30, POST60) and condition (PAS and
PASSHAM) were used to test the impact of PAS on cor-
ticomotor excitability for all MEP amplitude change
measures (1 mV, SAI, SICI, and ICF) and response
time. In an exploratory analysis, the relationship
between changes in MEP amplitude and changes
in response time for measures showing within-
subjects effects using Pearson product moment
correlation coefficients. All analyses were performed
using SPSS version 24 with a critical � level set
to 0.05.

3. Results

Complete data sets for cortical excitability assess-
ments were obtained for 6 participants in the PAS
condition and 5 participants in the PASSHAM condi-
tion. During the PAS condition, S08 was unable to
complete POST30 and POST60 testing time points
because of technical issues with data recording hard-
ware. During the PASSHAM condition, S04 and S08
could not complete the POST60 TMS testing due to
time constraints. Complete behavioral datasets were
obtained for 5 participants. During both conditions,
S06 and S08 could not complete the SRTT keyboard
task with their paretic hand due to the magnitude of
their motor impairment. Therefore, their behavioral
data were not analyzed. The MEP data from each
testing condition met assumptions of normality and
homogeneity of variance.

3.1. Corticomotor excitability

A significant increase in MEP amplitude occurred
following the PAS but not the PASSHAM condi-
tion (Fig. 2) during the 1 mV condition. Analyses
revealed a significant main effect of condition (F1,5 =
14.59, p = 0.02), with greater MEP amplitude
increase during the PAS (85.39 ± 78.57%) than the
PASSHAM (12.88 ± 39.85%) condition. We did not
observe a significant condition-by-time interaction
(F3,5 = 1.95, p = 0.18) or a main effect of time
(F3,5 = 2.53, p = 0.11) during the 1 mV testing. Dur-
ing the SAI condition, there was a trend towards
a change in MEP amplitude over time (F1,5 = 4.23,
p = 0.06) but no observable difference between
PAS or PASSHAM conditions (F1,5 = 0.15, p = 0.74,
Fig. 3A). For the SICI and ICF conditions, there was
neither an effect of time (SICI: F1,5 = 0.49, p = 0.7;
ICF: F1,5 = 0.63, p = 0.62) nor condition (SICI:
F1,5 = 4.66, p = 0.16; ICF: F1,5 = 0.45, p = 0.57)
(Fig. 3B, C).

3.2. Behavioral measures

There was an overall decrease in RT in both paretic
and nonparetic limbs over time in both PAS and
PASSHAM condition. There was not a significant dif-
ference in RT between PAS and PASSHAM conditions,
as indicated by no effect of condition for either
the paretic (F1,4 = 0.48, p = 0.54) or nonparetic limbs
(F1,4 = 0.57, p = 0.49). Improved motor skill perfor-
mance was observed (decreased RT) over time in
both limbs, though the paretic limb failed to meet
our adopted level of significance (paretic: F1,5 = 2.64,
p = 0.11; nonparetic: F1,5 = 5.12, p = 0.02) (Fig. 4).
Correlation analyses revealed a significant nega-
tive relationship between change in MEP amplitude
(1 mV) versus change in RT across POST testing
time points (r = –0.651, p < 0.01) (Fig. 5) where larger
increases in MEP amplitude were correlated with
faster RTs during SRTT performance.

4. Discussion

Results of the present study suggest a traditional
PAS protocol can increase corticomotor excitabil-
ity in individuals in the chronic stage of post-stroke
motor recovery. PAS did not significantly impact the
degree of motor performance improvement in either
the paretic or nonparetic limb, although both paretic
and nonparetic limbs showed improvements in motor
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Fig. 2. Group (left) and individual (right) MEP amplitude (mean ± SE) during the 1 mV TMS testing condition. A) Average MEP amplitudes
value during PAS and PASSHAM conditions. B) Average MEP amplitude expressed as a percent change from the PRE test value. *indicates
main effect of condition. C) Individual % change in MEP responses following the PAS and D) PASSHAM conditions.

Fig. 3. Group normalized MEP amplitude (mean ± SE) during the PAS and PASSHAM conditions for A) SAI, B) SICI, and C) ICF TMS tests.
No significant interaction or main effects of condition or time were observed. (SAI: short afferent inhibition, SICI: short interval intracortical
inhibition, ICF: intracortical facilitation).
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Fig. 4. Response time (RT) on a modified version of the SRTT
(mean ± SE) for each hand during PAS and PASSHAM conditions
during the first random block for testing time point. There was
no significant difference in RT between PAS and PASSHAM con-
ditions for either the paretic or nonparetic hand performance. RT
significantly decreased over time in the nonparetic hand (p = 0.02)
and in the paretic hand but was not a statistically significant effect.
(P: paretic, NP: nonparetic).

Fig. 5. Relationship between change in MEP amplitude (1 mV)
(mean ± SE) versus change in SRTT RT. Exploratory analyses
showed a negative relationship between change in MEP ampli-
tude change in RT across POST testing time points suggesting
greater PAS-induced increases in cortical excitability were associ-
ated with larger improvements in motor skill performance (lower
RTs).

performance over time. Interestingly, exploratory
correlation analyses provide preliminary evidence
of an association between change in corticomotor
excitability and the degree of motor performance
improvement following PAS in individuals post-
stroke. Together, these findings suggest that PAS may
effectively enhance neuroplasticity in a subgroup of
individuals post-stroke and could potentially offer a

therapeutic adjuvant in combination with rehabilita-
tion strategies to enhance motor recovery in these
individuals.

Following PAS, we observed increases in a general
measure of corticomotor excitability of the paretic
hand following a time course similar to that previ-
ously described in neurologically-intact individuals
(Player et al., 2012) and in individuals post-stroke
following a modified PAS protocol (Castel-Lacanal
et al., 2009) (Fig. 2). We did not observe a signif-
icant change in corticomotor excitability following
the PASSHAM condition in the same individuals.
The PAS-induced neuroplastic adaptations observed
likely occur through LTP-like associative plasticity
mechanisms (Nitsche et al., 2007; Stefan et al., 2002)
and appear to occur specifically in cortical repre-
sentations of muscles innervated by the peripheral
nerve that was stimulated (Nitsche et al., 2007). In
the present study, we observed the average mag-
nitude of MEP amplitude increase at all post PAS
time points in individuals post-stroke (POST0: +65%,
POST30: +102%, POST60: +93%). Interestingly,
this magnitude of corticomotor excitability increase
was at least comparable to that previously reported
in neurologically-intact controls and greater than
that reported in elderly individuals where facilitatory
PAS did not induce a significant neuroplastic effect
(Muller-Dahlhaus et al., 2008; Player et al., 2012;
Stefan et al., 2002). Additionally, previous reports
found that only 66–76% of young neurologically-
intact individuals responded to similar facilitatory
PAS protocols immediately following the interven-
tion (Muller-Dahlhaus et al., 2008; Player et al.,
2012; Stefan et al., 2004). These findings are consis-
tent with our results where 5/7 participants showed
the expected response at the POST0 time point
immediately following PAS. All participants in this
study, however, also showed MEP facilitation at
30 and 60 minutes following PAS and no partic-
ipants demonstrated a robust long-term depression
(LTD)-like response to PAS, which is in contrast
to some previous reports in young neurologically-
intact controls (Muller-Dahlhaus et al., 2008; Player
et al., 2012). Reasons for differences in both the
magnitude of the response and the rate of respon-
ders between individuals post-stroke in the present
study and previous studies could lie in differences
in patient populations and the corticomotor poten-
tial for enhanced excitability. A greater potential
for corticomotor excitability increase from already
decreased baseline levels of corticomotor excitabil-
ity in the ipsilesional cortex in individuals post-stroke
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may occur as a result of the lesion itself or could
occur secondarily through disuse of the paretic arm
and hand (Ngomo, Leonard, & Mercier, 2012). More-
over, the customization of the interstimulus interval
based on individual N20 latencies used in the PAS
protocol of the present study may have contributed
to a greater magnitude of response and larger per-
centage of responders compared to previous reports
(Muller-Dahlhaus et al., 2008; Player et al., 2012).
Future research is needed to elucidate the poten-
tial underlying factors contributing to differences in
results between studies involving different patient
populations.

Further, we sought to investigate intracortical
mechanisms that may have contributed to observed
changes in general corticomotor excitability through
intracortical inhibition of M1 elicited by afferent
input (SAI) (Tokimura et al., 2000) and measures
of paired-TMS pulse inhibition (SICI) and facilita-
tion (ICF). The increased MEP amplitudes following
PAS may be a consequence of reduction in intra-
cortical inhibition on excitatory synapses onto local
pyramidal neurons, as has been proposed by pre-
vious work regarding effects of PAS in individuals
post-stroke (Castel-Lacanal et al., 2009). However,
consistent with previous research that examined the
effect of PAS on these intracortical measures in
neurologically-intact participants, our results showed
no significant change in intracortical measures of
SAI, SICI, and ICF following PAS or PASSHAM
conditions (Fig. 3) (Ridding, McKay, Thompson,
& Miles, 2001; Russmann et al., 2009; Sale et al.,
2007; Stefan et al., 2002). Thus, results of the present
study do not support the concept that changes in
intracortical inhibition or intracortical facilitation
underlie PAS-induced changes in general cortico-
motor excitability in individuals post-stroke. It is
possible that PAS-induced increases in corticomotor
excitability post-stroke may have occurred subcorti-
cally, possibly through changes in thalamo-cortical
connectivity via projections from thalamic nuclei
to primary somatosensory and motor cortices (Car-
son & Kennedy, 2013). The afferent input and
efferent stimuli of the facilitatory PAS protocol
could have strengthened the disrupted connectivity in
these pathways observed in neurologically-impaired
and elderly adults (Fathi et al., 2010; Ueki et al.,
2006) and potentially increased general corticomo-
tor excitability within the primary motor cortex.
This conjecture may be supported by previous work
that demonstrated altering cerebellar neuronal activ-
ity through transcranial direct current stimulation

(tDCS) blocked the effects of a facilitatory PAS
protocol in neurologically-intact individuals, pre-
sumably by acting on thalamic synapses projecting
to somatosensory and motor cortices (Hamada et al.,
2012). Similar disruption studies of this type per-
formed in individuals after stroke would be useful for
understanding the neuroanatomical origins of PAS-
induced neuroplasticity in these patient populations.

Evaluation of motor performance on the modified
SRTT showed improvements in RT that occurred over
time with task practice in both paretic and nonparetic
limbs, with no observed differences between PAS
versus the PASSHAM protocol (Fig. 4). In contrast
to previous results in young neurologically-intact
individuals (Celnik et al., 2009; Player et al., 2012)
these results suggest that PAS did not enhance motor
performance on this task in a cohort of individuals
post-stroke after a single application. Interestingly,
novel exploratory analyses showed a relationship
between change in MEP amplitude and change in
RT (Fig. 5). Individuals post-stroke with the largest
PAS-induced increases in corticomotor excitability
showed the greatest improvements in motor per-
formance following PAS. A similar relationship
between PAS-induced enhancements of corticomotor
excitability and motor performance was previously
reported in individuals with schizophrenia (Frantseva
et al., 2008) while others did not detect a rela-
tionship in young neurologically-intact participants
(Player et al., 2012). Together, these data suggest
that differences in the neural mechanisms mediating
PAS-related motor skill performance enhancement
may exist between neurologically-intact versus neu-
rologic patient populations. Future work is needed
to compare PAS-induced neuroplastic and behav-
ioral changes between individuals post-stroke and
matched controls and the effectiveness over long-
term interventions.

The facilitation of corticomotor excitability after
PAS was highly variable between individuals in
this study with levels similar to those previously
reported in neurologically-intact individuals (Ste-
fan, Kunesch, Cohen, Benecke, & Classen, 2000b)
and in wrist extensor muscles of individuals post-
stroke (Castel-Lacanal et al., 2007). Though mean
MEP amplitudes demonstrated increases in cor-
ticomotor excitability following PAS, individuals’
overall responses to PAS at all POST testing
time points ranged from –17 to +318% increase
from baseline. Variability in response to interven-
tions is commonly observed in post-stroke patient
populations (Koski et al., 2004; Palmer, Hsiao,
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Wright, & Binder-Macleod, 2017). Participants in the
present study showing the greatest magnitude or cor-
ticomotor excitability increase may have sufficient
neural substrate supporting PAS-induced enhance-
ment of motor skill performance (Koski, Mernar,
& Dobkin, 2004; Rushton, 2003). Though baseline
measures of corticomotor function generally show
limited prognostic ability for rehabilitation outcomes
in the chronic stage of stroke recovery (Koski et al.,
2004), individual corticomotor response to a single
session of PAS might potentially be an important
indicator for response to a long-term intervention,
similar to findings reported for other post-stroke inter-
vention strategies (Koski et al., 2004). Specifically,
if corticomotor response to a single session of PAS
revealed that an individual possessed a high degree
of associative plasticity, then that individual may
be a good candidate for subsequent PAS sessions
coupled with rehabilitation focused on improving
paretic hand function. In contrast, if corticomotor
response to a single PAS session showed a low
degree of associative plasticity, then PAS may not
be an effective tool for that individual and reha-
bilitation efforts could focus on nonparetic limb
compensation to maximize motor function. In this
way, measurements of corticomotor response to a
single PAS session could have clinical utility in the
quantification of individual neuroplastic responses
and ultimately help to individualize stroke rehabil-
itation for a heterogeneous patient population and
maximize post-stroke functional outcomes. Addi-
tionally, Harris-Love and Harington (Harris-Love
& Harrington, 2017) suggested using a frame-
work which incorporates patient-, lesion site- and
task-specific factors that may help to individual-
ize stroke rehabilitation and improve outcomes for
interventions utilizing noninvasive brain stimulation.
Future research is needed to confirm these find-
ings in larger stroke cohorts to determine specific
patient characteristics that may explain variabil-
ity in individual responses to PAS and to identify
those individuals who may benefit most from PAS
interventions.

4.1. Limitations

Some limitations of the present study are impor-
tant to consider in the interpretation of the results.
The preliminary nature and small sample size of
this study may have led to underpowered statistical
analyses, particularly regarding analyses of intra-
cortical and motor behavioral measures. The small

cohort coupled with heterogeneity of lesion loca-
tion and levels of motor impairment could have
contributed to the high variability of responses to
the PAS intervention. In this study, behavioral mea-
sures were a secondary outcome and consisted of a
motor task that was found to be too challenging for
two participants to perform with the paretic hand;
future studies should consider a motor behavioral
task assessment to allow for inclusion of individuals
post-stroke across a wider spectrum of motor impair-
ment levels. All participants in the present study
were mild to moderately impaired; however, more
severely impaired individuals after stroke could show
different responses to PAS (McCambridge, Stinear,
& Byblow, 2017). Additionally, we did not report
a clinical measure of motor function in response to
PAS, which will be a necessary step for demonstrating
the therapeutic potential of PAS in stroke rehabili-
tation. Due to the number of assessments and time
constraints of the testing session, we did not perform
neurophysiologic assessments of the contralesional
hemisphere. Assessment of potential neurophysi-
ologic changes in the contralesional hemisphere
following PAS could provide useful and important
information, potentially explaining some observed
changes within the ipsilesional hemisphere, and
should be investigated in future studies. Lastly, we
did not evaluate the status or integrity of other cortical
pathways that could offer other potential targets for
therapeutic applications (Harris-Love & Harrington,
2017).

5. Conclusions

The present findings provide preliminary evi-
dence for the effectiveness of PAS to induce
changes in cortical neuroplasticity in chronic indi-
viduals post-stroke and are an important step for
future studies investigating the clinical application
of PAS interventions in patient populations. The
observed findings support the effectiveness of PAS
to enhance corticomotor excitability in individu-
als post-stroke and provide novel evidence that a
relationship exists between PAS-induced corticomo-
tor excitability change and post-stroke motor skill
performance. Future work will need to clarify the
behavioral relevance of PAS-induced corticomotor
excitability changes in chronic stroke patient pop-
ulations and neurophysiologic factors underlying
the interindividual variability in response to PAS
intervention.
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