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Abstract

In well-recovered stroke patients with preserved hand movement, motor dysfunction relates to
interhemispheric and intracortical inhibition in affected hand muscles. In less fully recovered
patients unable to move their hand, the neural substrates of recovered arm movements, crucial for
performance of daily living tasks, are not well understood. Here, we evaluated interhemispheric
and intracortical inhibition in paretic arm muscles of patients with no recovery of hand movement
(n=16, upper extremity Fugl-Meyer Assessment = 27.0 £ 8.6). We recorded silent periods
(contralateral and ipsilateral) induced by transcranial magnetic stimulation (TMS) during
voluntary isometric contraction of the paretic biceps and triceps brachii muscles (correlates of
intracortical and interhemispheric inhibition respectively), and investigated links between the
silent periods and motor recovery, an issue that has not been previously explored. We report that
interhemispheric inhibition, stronger in the paretic triceps than biceps brachii muscles,
significantly correlated with the magnitude of residual impairment (lower Fugl-Meyer scores). In
contrast, intracortical inhibition in the paretic biceps brachii, but not in the triceps, correlated
positively with motor recovery (Fugl-Meyer scores) and negatively with spasticity (lower
Modified Ashworth scores). Our results suggest that interhemispheric inhibition and intracortical
inhibition of paretic upper arm muscles relate to motor recovery in different ways. While
interhemispheric inhibition may contribute to poorer recovery, muscle-specific intracortical
inhibition may relate to successful motor recovery and lesser spasticity.
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Introduction

Over the past nearly two decades, there has been a great deal of investigation into
mechanisms of impairment and recovery of hand movement after human stroke. This work
has demonstrated that limitations in recovery of functional hand movements post-stroke are
often linked to abnormalities in intracortical and interhemispheric inhibition. These findings
have provided insight into the mechanisms of behavioral rehabilitation approaches, such as
constraint-induced movement therapy (Liepert et al., 2000, Liepert, 2006, Boake et a/., 2007,
Sawaki et al., 2008, Bolognini et al., 2011), and have informed the development of cortical
stimulation paradigms to improve hand recovery (Ward and Cohen, 2004, Nowak et al.,
2009, Dimyan and Cohen, 2011) though see also (Di Pino et al., 2014).

Previous studies have used transcranial magnetic stimulation (TMS) to investigate
intracortical inhibition of primary motor cortex (M1) hand representations in well-recovered
stroke patients with at least partial recovery of hand function. Paired-pulse measurements of
short-interval intracortical inhibition (SICI) (Kujirai et al., 1993), associated with GABAa—
mediated intracortical inhibition (Werhahn et a/., 1999), have shown abnormally decreased
levels of intracortical inhibition targeting the paretic hand (Liepert et al., 2000, Manganotti
et al., 2002, Cicinelli et al., 2003, Liepert, 2006, Huynh et al., 2013, Takechi et al., 2014). In
contrast, intracortical inhibition reflected by the contralateral silent period (cSP), associated
with GABAg receptor-mediated inhibition (Werhahn et al., 1999), is reported to be
abnormally increased in the paretic hand (Haug and Kukowski, 1994, Braune and Fritz,
1995, Ahonen et al., 1998, Liepert et al., 2000, Kim et al., 2008, Takechi et al.,, 2014) and to
decrease with recovery (Haug and Kukowski, 1994). Thus, it appears that SICI, reflecting
GABA—mediated intracortical inhibition, is abnormally decreased while cSP, reflecting
GABAg receptor-mediated inhibition, is abnormally increased in the paretic hand post-
stroke.

In addition to intracortical inhibition, interhemispheric inhibition between M1 hand
representations in stroke patients with hand recovery has also been widely studied, and like
intracortical inhibition, it has been studied using both paired-pulse and silent period TMS
techniques. Paired-pulse measurements have shown that interhemispheric inhibition
targeting the affected hemisphere (i.e. paretic hand) is stronger than that targeting the
unaffected hemisphere (Nair et al., 2007, Butefisch et a/., 2008, Kirton et a/., 2010) and
abnormally persistent during paretic finger movement preparation (Murase et al., 2004,
Duque et al., 2005), particularly in those with poorer hand recovery. Ipsilateral silent period
measurements have provided further support for the notion that interhemispheric inhibition
targeting the paretic hand is stronger than that targeting the non-paretic hand (Takeuchi et
al., 2012, Takechi et al., 2014) and than that measured in controls (Netz et al., 1997).

Mechanisms of upper arm motor recovery in stroke patients unable to use their hands,
however, are not well understood. To examine interhemispheric and intracortical inhibition
in paretic elbow flexors and extensors, we evaluated silent periods during voluntary
isometric contractions of paretic arm biceps (flexor) or triceps (extensor) brachii, and
measured the correlation between these measures and clinical and behavioral tests of motor
ability, reaching performance, and spasticity. Recognizing that specific electrophysiological
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measurements, such as silent periods, reflect only a portion of the larger processes of
intracortical and interhemispheric inhibition, we emphasize that when we refer to
intracortical and interhemispheric inhibition we are referring only to that reflected by the
contralateral and ipsilateral silent periods, respectively.

Given that many patients have particular difficulty de-activating elbow flexors, we
postulated that inhibition targeting an elbow flexor muscle (biceps brachii) would be less
than that targeting an elbow extensor (triceps brachii), and that biceps inhibition would
correlate negatively with motor impairment. We report that interhemispheric inhibition and
intracortical inhibition of these paretic upper arm muscles relate to paretic arm motor
recovery differently in this population.

Materials and Methods

Participants

Sixteen individuals with chronic hemispheric stroke participated in the study (8 female; age:
59.0 + 9.0 years; time post-stroke: 5.0 + 3.8 years; Table 1) after providing written informed
consent according to a protocol approved by the local ethical review boards. Testing was
conducted at 1 of 2 sites, the National Institutes of Health Clinical Center (Bethesda, MD) or
MedStar National Rehabilitation Hospital (Washington DC), using identical equipment and
methods. Inclusion criteria included being at least 6 months post-stroke and having the
ability to reach forward at least 5 cm without compensatory trunk movement. Potential
participants were excluded if they were less than 18 years of age, pregnant, had cerebellar or
brainstem lesions, or any contraindications to TMS (e.g., metal objects inside eyes or skull,
history of seizures). We also excluded patients with voluntary wrist and finger movement on
the paretic side because we wished to specifically target patients with less complete recovery
(i.e. more residual motor dysfunction) than those who have been typically studied in the
past. Thus, all participants had relatively severe arm impairment and lacked voluntary finger
and wrist movement. On average, they scored 27.0 + 8.6 on the Upper Extremity Fugl-
Meyer Assessment. All participants had subcortical lesions, some of which extended into the
cortex, but all of which spared the primary motor cortex (M1). In general, the lesions
resulted from large ischemic or hemorrhagic infarcts of the middle cerebral artery.

Procedures

Participants were seated in an adjustable high-backed chair with arm rests. Participants'
shoulders were positioned at 0 flexion and elbows at 90° flexion, with forearms supported
by cushioned arm rests. EMG signals were recorded using active differential surface EMG
electrodes (B&L Engineering, Santa Ana, CA) placed on the biceps brachii (short head) and
triceps brachii (long head) of both arms. Standard skin preparation and muscle identification
procedures were used to ensure the reliability of EMG signals. The electrodes had a pre-
amplified gain of 330 and input impedance greater than 100 M, providing good
electromagnetic artifact suppression when used with TMS. EMG signals were digitized at 10
kHz, 16-bit precision (Cambridge Electronic Design Ltd, Cambridge, England) and
subsequently high-pass filtered at 10 Hz (2nd order Butterworth) in MATLAB (MathWorks,
Natick, MA) to reduce direct current offsets and movement artifacts.
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A figure-of-eight double 70 mm TMS coil attached to a Magstim 200 stimulator (Magstim
Company Ltd, Wales, UK) was used to deliver the stimuli. When stimulating the unaffected
hemisphere M1, coil position (oriented to induce posterior-to-anterior current flow in the
underlying cortex) was determined by identifying the location on the scalp where MEPS in
biceps and triceps of the non-paretic arm could be optimally elicited by single-pulse TMS
with the muscles at rest, the so-called “hotspot”. Resting motor threshold (RMT) for each
muscle was determined by identifying the lowest stimulation intensity to elicit MEPs with
peak-to-peak amplitude larger than 50 pV in 5 out of 10 trials. Since RMTs for non-paretic
arm biceps and triceps were similar (54.6 + 14.3% of maximum stimulator output for biceps,
53.90+ 13.2% for triceps), the average of RMTs for both muscles was used to determine
subsequent stimulation intensities for each subject.

Unable to elicit MEPs in the paretic arm at rest even using high stimulation intensities (Table
1), we instead asked participants to produce isometric contractions of the target muscle by
either pulling up against a fixed strap placed just proximal to the wrist (elbow flexion) or
pushing down into the chair's arm rest (elbow extension) to activate biceps or triceps,
respectively. Real-time visual feedback of the EMG activity, a low target level (around 30
uV), and frequent rest periods were used to ensure that background activation remained
constant during coil localization and subsequent testing. Background activation of the target
muscle was constantly monitored by the investigator throughout the experiment. Any trial in
which there was little or no EMG activation in the target muscle was immediately discarded
and, after a rest period, an additional trial was collected to replace it. Participants were
relatively accurate in maintaining the target activation level (mean pre-stimulus EMG was
25.9 + 3.7 uV for biceps and 23.6 + 3.0 uV for triceps).

We used the highest stimulation intensity tolerated by the participant to identify the location
that, at least intermittently, produced a facilitatory EMG response or, as was more frequently
the case, a period of suppression of the ongoing EMG activation. In addition, a stereotactic
neuro-navigation system (Brainsight, Rogue Research Inc., Montreal Quebec, Canada) was
used to confirm that the hotspot locations for both hemispheres were located on the
precentral gyrus, the affected hemisphere hotspot was approximately in the mirror location
of that for the unaffected hemisphere, and to ensure location accuracy of each TMS delivery
throughout the experiment. Even with background muscle activation and high stimulation
intensities, facilitatory responses (i.e. MEPs) were rarely elicited and thus it was not possible
to determine active motor threshold.

Unaffected Hemisphere Stimulation—During sustained muscle activation, stimulation
of the hemisphere ipsilateral to the active muscle produces a transcallosal volley that elicits a
period of inhibition of the ongoing EMG activity known as an “ipsilateral silent period”
(iSP; (Ferbert et al., 1992, Meyer et al., 1995, Chen et al., 2003). To measure the iSP, EMG
was recorded from the paretic arm during biceps or triceps isometric muscle contraction
while TMS was delivered to the unaffected (ipsilateral) hemisphere M1 hotspot at 110%,
130%, and 150% of the non-paretic RMT (20 trials at each intensity for each muscle; Fig.
1A).
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Affected Hemisphere Stimulation—During voluntary muscle activation, stimulation of
the contralateral M1 produces a period of reduced EMG activity known as the contralateral
silent period (cSP; (Davey et al., 1994), which reflects GABAg-mediated intracortical
inhibition (Werhahn et a/., 1999). To measure the cSP, EMG was recorded from the affected
arm during biceps or triceps isometric muscle contraction while TMS was delivered to the
affected (contralateral) hemisphere M1 hotspot at 80%, 90%, and 100% of maximum
stimulator output (10 trials at each intensity for each muscle; Fig. 1B).

Measurements of Motor Recovery—To characterize motor recovery we collected
metrics of overall arm impairment, spasticity at the elbow, and performance of a proximal
arm reaching task. The upper extremity portion of the Fugl-Meyer Assessment (Fugl-Meyer
et al., 1975) and the Modified Ashworth Scale (Bohannon and Smith, 1987), administered
by a licensed physical therapist, served as measures of motor impairment/ability (Crow et
al., 2014) and spasticity, respectively. To specifically measure proximal arm motor
performance, patients performed a forward reaching task which required shoulder flexion
with elbow extension, but no finger or wrist movement. Participants were seated at a table in
a high-backed chair with crossed non-elastic straps across the torso to prevent compensatory
movements of the trunk. In response to a randomly-timed visual “Go” cue, participants
reached forward as quickly as possible to contact a large circular button on the table (the
reaching “target”). The target was placed at 80% of each participant's maximum forward
reaching distance (21.4 + 7.7 cm from the front edge of the table). After 10 familiarization
trials, participants performed 20 test trials. Reaching response time was defined as the time
elapsed from the appearance of the “Go” cue to button contact and was quantified as the
median of the 20 trials for each individual. Note that this measure does not differentiate
between reaction time and movement time and therefore represents the time required for not
only movement execution but movement preparation as well.

Data Analysis

Physiological data were analyzed off-line using custom software programmed in MATLAB.
Pre-stimulus mean EMG was calculated from the averaged rectified waveform and was
defined as the mean value during a 100-ms time window (from 150 ms to 50 ms prior to
TMS onset). For iSP, the onset of the silent period was defined as the point at which the
averaged rectified EMG dropped and stayed below the pre-stimulus level for at least 5 ms.
For cSP, the onset was defined as the time of stimulus delivery since, though they were rare
in this population, any MEPs preceding the silent period could obscure cSP onset. Trials in
which onsets were obscured by prolonged TMS artifact were discarded. Silent period offsets
were defined as the point after the onset at which the averaged rectified EMG returned to
and stayed at or above the pre-stimulus level for at least 5 ms. Silent period (iSP and cSP)
measurements included percent inhibition (Ferbert et a/., 1992), calculated from the rectified
and ensemble averaged waveform and expressed as a percentage of pre-stimulus EMG
according to the following equation:

% inhibition= [1—( mean EMG during SP )] 100

mean EMG pre- stimulus
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Calculated in this manner, a higher value indicates stronger inhibition. We also measured
silent period duration (Cantello et a/., 1992, Kukowski and Haug, 1992, Inghilleri et al.,
1993) and rate of occurrence, a unitless value between 0 and 1 defined as the number of
trials in which a silent period was successfully elicited divided by the total number of trials
(0 = silent period was not elicited in any of the trials; 1 = silent period elicited in all trials).
To measure the rate of occurrence, each trial was analyzed individually to determine the
presence or absence of a silent period. A trial was defined as positive for a silent period
when it contained a post-stimulus period lasting at least 25 ms during which the mean
rectified EMG values remained below the mean rectified pre-stimulus EMG level. Each trial
was also visually inspected to validate the result of the algorithm.

Dependent variables were analyzed using a 2 (Muscles) X 3 (Stimulation Intensities)
ANOVA with repeated measures. In the case of significant Interaction effects, paired t-tests
with a Bonferroni correction were used for post-hoc comparisons. Pearson Product Moment
Correlation Coefficients were calculated between the physiological measures and Fugl-
Meyer score and reaching response time, since the latter measures produce interval and ratio
data, respectively. Since the physiological measures were characterized using multiple
dependent measures, to minimize the number of comparisons, we chose the measure most
commonly used to quantify each type of silent period (i.e. iSP percent inhibition and cSP
duration) and used the average value across stimulation intensities for calculating the
correlation coefficients. To test for differences between how physiological measures
recorded in biceps vs. triceps correlated with motor recovery, we calculated the Steiger's Z
score to statistically compare correlation coefficients (Steiger, 1980). Steiger's Z is a method
for statistically comparing “overlapping” correlation coefficients (i.e. correlations that share
a common variable) from a single sample. Each correlation is converted into a z score using
Fisher's r-to-z transformation and the z-scores are used in the significance testing formula.
We compared the correlations between biceps silent periods (¢SP or iSP) and motor recovery
(Fugl-Meyer Score, reaching response time, and elbow spasticity) to those between triceps
silent periods and motor recovery to determine whether measurements of physiology in
biceps and triceps have different relationships with motor recovery. Spearman's Rank
Correlation Coefficient (p) was used to test for statistical dependence between the
physiological measures and spasticity, since it is measured by the ordinal Modified
Ashworth Scale. All statistical analyses were performed using IBM® SPSS® Statistics 21
with significance level () set at 0.05.

We observed clear distinctions between inhibition targeting paretic arm flexor vs. extensor
muscles (biceps and triceps, respectively), as well as muscle-specific correlations between
inhibition and paretic arm motor recovery.

Ipsilateral Silent Period (iSP)

iSPs were readily elicited in both muscles with unaffected hemisphere stimulation
(ipsilateral to pre-activated paretic arm muscles). They were present in 71+ 5% and 75 = 5%
of trials for biceps and triceps respectively. However, these muscles showed marked
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differences in iSP % inhibition (Fig 2). There was a significant main effect of Muscle
(F(1,10y=5.88, p=0.036) indicating greater inhibition in triceps than in biceps. There was also
a significant Main Effect of Intensity (F(,,20)=4.9 p=0.018) indicating that inhibition
increased with increasing stimulation intensity. Additionally, there was a significant stimulus
Intensity x Muscle Interaction Effect (F(2 20y=6.61, p=0.006). Post-hoc testing revealed no
significant difference between muscles at the lowest stimulation intensity (110% RMT:
t(14)=0.782, p=0.447), but greater inhibition in triceps than biceps with increasing
stimulation intensities (130% RMT: t(14)=2.318, p=0.036; 150% RMT: t(11)=2.949, p=0.013)
(Fig. 2). iSP duration and rate of occurrence each showed a significant Main Effect of
Intensity (F(2,20)=10.17, p=0.001 and F( 20)=4.11, p=0.032, respectively) indicating that
inhibition increased with increasing stimulus intensity, but no significant Main Effect of
Muscle (F(1,10)=0.54, p=0.479 for iSP duration; F(; 10)=1.37, p=0.269 for iSP rate of
occurrence) and no significant Interactions (F2 20)=1.00, p=0.387 for iSP duration;
F(2,20=1.07, p=0.363 for iSP rate of occurrence).

iSPs correlated negatively with Fugl Meyer scores (i.e. larger iSPs correlated with more
severe impairment; biceps: r=—0.73, p=0.011, triceps: r=-0.79, p=0.004; Fig. 3, top row)
and, in the triceps, tended to correlate positively with reaching response time (i.e. larger iSPs
correlated with slower reaching response times; Fig. 3, bottom row, r=0.43; p=0.165 and
r=0.55; p=0.063, for biceps and triceps, respectively). No correlation was observed between
iSPs and spasticity (p=0.27, p=0.178 and p=-0.10, p=0.371 for biceps and triceps,
respectively).

Contralateral Silent Period (cSP)

Like iSPs, cSPs were readily elicited in both biceps and triceps (83 £ 3% and 91 + 3% of
trials respectively). There was a significant Main Effect of Muscle (F(1,11)=7.34, p=0.020)
and Intensity (F(2,22)=7.99, p=0.002) on cSP % inhibition, indicating significantly stronger
cSP in triceps than biceps and increased cSP with increasing stimulation intensity (Fig. 4).
There was no significant Interaction (F(2,22)=2.14, p=0.142). The rate of occurrence of cSP
was significantly greater in triceps than biceps (Main Effect of Muscle F(1 12)=6.31,
p=0.027) and increased as a function of stimulation intensity (Main Effect of Intensity
F(2,24=6.24, p=0.007), but the Interaction was not significant (F2,24)=0.00, p=1.00). cSP
duration showed a non-significant trend toward a Main Effect of Intensity (F(2,24)=2.90,
p=0.075), but no significant effect of Muscle (F(,12)=0.64, p=0.440) and no Interaction
effect (F(2,24)=0.83, p=0.447).

In contrast to the negative correlation observed between iSP and motor ability (Fig. 3), in the
paretic biceps, cSPs correlated positively with Fugl-Meyer scores (i.e. larger cSPs were
associated with higher levels of motor ability; r=0.61, p=0.017; Fig. 5, top left), and
correlated negatively with reaching response times (i.e. faster reaching response times;
r=0.73, p=0.001; Fig. 5, bottom left) and spasticity (i.e. lower levels of spasticity; p=—0.53,
p=0.007). However, for triceps, no such relationship was observed between cSP and
behavioral measures of motor recovery (r=0.07, p=0.799; r=0.05, p=0.855; and p=0.17,
p=0.478, for Fugl-Meyer Score, reaching response time, and spasticity score, respectively).
This difference between how cSPs in biceps vs. triceps correlated with motor recovery was
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statistically significant (Z=2.42, p=0.016 and Z=2.47, p=0.013 for response time and Fugl-
Meyer score, respectively).

Discussion

In summary, iSP was stronger in the paretic triceps than biceps brachii, and correlated
negatively with motor recovery. Additionally, cSP correlated positively with motor recovery
only in the paretic biceps but not triceps. Thus, in patients with severe stroke-related arm
dysfunction, metrics of interhemispheric and intracortical inhibition differed across paretic
upper arm muscles and in their relationship with motor recovery.

Ipsilateral Silent Period

The iSP produced when stimulating the unaffected hemisphere during isometric activation of
the paretic arm reflects the strength of interhemispheric inhibition from the unaffected to the
affected hemisphere and is thought to be transcallosally mediated (Meyer et al., 1995, Meyer
etal., 1998, Fling et al., 2013) and to reflect the activity of networks similar to those
measured using a more traditional paired-pulse TMS technique (Chen et al., 2003). In this
patient population, interhemispheric inhibition targeting the paretic arm triceps muscle was
stronger than that targeting the biceps, in spite of which the relationship between
interhemispheric inhibition and motor recovery was similar for both muscles: stronger
inhibition from unaffected to affected hemisphere M1 was associated with poorer motor
recovery. This relationship is similar to that previously reported in hand muscles of more
mildly impaired patients (Murase et al., 2004) and replicates our previous report (Harris-
Love et al., 2011).

Cortical Silent Period

cSPs were elicited by stimulating affected hemisphere M1 during paretic arm muscle
activation. The cSP primarily reflects intracortical inhibitory processes (Fuhr et al., 1991,
Cantello et al., 1992, Inghilleri et al., 1993, Roick ef al., 1993), (Triggs et al., 1993, Classen
and Benecke, 1995, Chen et al., 1999, Tergau et al., 1999) to which GABAg receptors
contribute (Ziemann et al., 1996, Siebner et al., 1998, Werhahn ef a/., 1999).

We report stronger intracortical inhibition in paretic triceps than biceps. However, the
relationship between intracortical inhibition and paretic arm motor recovery differed from
that observed between interhemispheric inhibition and motor recovery. First, stronger
intracortical inhibition in biceps was associated with better motor recovery, i.e. higher Fugl-
Meyer scores, faster reaching response times, and lower Modified Ashworth scores (unlike
interhemispheric inhibition, in which stronger inhibition was associated with poorer motor
recovery). Second, the relationship between intracortical inhibition and motor recovery
differed between biceps and triceps (unlike interhemispheric inhibition, in which the
correlation with motor recovery was similar for biceps and triceps). Intracortical inhibition
in the paretic biceps correlated with motor recovery, while intracortical inhibition in the
paretic triceps did not (Fig. 5).

In general, cSPs elicited from hand muscles in well-recovered stroke patients are reported to
be abnormally increased and to decrease with recovery (Haug and Kukowski, 1994, Braune
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and Fritz, 1995, Classen et al.,, 1997, Ahonen et al., 1998, Liepert ef a/., 2000). Our finding
of a positive relationship between biceps cSP and motor ability (higher Fugl-Meyer scores),
proximal arm motor performance (faster reaching response times) and spasticity (lower
Modified Ashworth scores) appears to differ with these previously reported findings.
However, in regards to the latter, even in patients with some recovery of hand movement
there have been reports of a relationship between stronger intracortical inhibition in the
affected hemisphere and lower Modified Ashworth scores (Uozumi et al., 1992, Catano et
al., 1997, Catano et al., 1997{Cruz Martinez, 1998 #1445, Cruz Martinez et al., 1998).
Interestingly, this association found with cSPs has been also reported when studying
intracortical inhibition with paired-pulse TMS (a measure thought to reflect inhibition
mediated by a different GABA subtype; (Liepert, 2006)). The reasons for this relationship
are not known but studies from both human and non-human primates may provide some
clues. It is possible that intracortical inhibition of corticoreticular excitation, either via the
corticoreticular tract (Yeo et al., 2012) or via reticular collaterals of the corticospinal tract,
which are most abundant in corticospinal neurons projecting to proximal arm muscles
(Keizer and Kuypers, 1989), contribute to cSP. Alternatively, medial brainstem pathways
such as those in the pontomedullary reticular formation (PMRF) project to proximal upper
limb muscles (Davidson and Buford, 2006, Davidson et al., 2007, Sakai et al., 2009) and,
following an extensive lesion of the corticospinal tract, projections from PMRF to upper
limb flexor muscles have been shown to be preferentially strengthened (Zaaimi et al., 2012).
The possibility that intracortical inhibition could interact with the preferential activation of
flexors that may occur at the brainstem level post-stroke (and the relationship this may have
with spasticity and other aspects of arm impairment) is an important topic for future
investigation.

Limitations—There are difficulties inherent to the study of patients without hand function,
thus the relative absence of information on this population in the literature. First, because
MEPs could not be elicited at rest, it was not possible to determine resting motor thresholds
in the affected hemisphere in distal or proximal arm muscles of these patients (Table 1). For
this reason we were confined to comparing iSP and cSP across muscle groups and their
relation to motor impairment. This limitation also made it difficult to compare our results in
stroke patients with complete hand paralysis with less impaired individuals, in whom RMTs
are more easily determined. Additionally, most of the information on intracortical and
interhemispheric inhibition in the literature has been obtained by testing distal hand muscles,
not feasible in our patients with hand paralysis.

The reaching response time results must be interpreted with caution in that this measurement
does not differentiate between reaction time and movement time, and thus represents not
only movement execution but movement preparation time as well. The response times
recorded were quite long (most were between 1000 and 2000 msec), possibly due to the
difficulty these patients had in completing the reaching task, but without the ability to
differentiate reaction and movement time, it is impossible to know. It is critical for future
studies to clarify this issue. Another important limitation to the present study is that we do
not yet have information on how these measurements may differ between muscles in age-
matched healthy volunteers. Thus, we cannot conclude that the between-muscle difference
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we observed was abnormal, per se, only that it was in some cases correlated with motor
function. Finally, the average age of our sample (59 * 9 years) is considerably younger than
the average age of the overall stroke population (70-71 years (Hall et al., 2012). Thus, the
generalizability of these results to the larger stroke population is an important topic for
future investigation.

Summary and Conclusions

The results of this study indicate differences in post-stroke cortical physiology between
upper arm muscles in stroke patients with severe arm dysfunction and their relationship to
the level of motor recovery attained. While interhemispheric inhibition relates to motor
dysfunction, muscle-specific intracortical inhibition may contribute to motor recovery and
lesser spasticity.
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A. Ipsilateral Silent Period B. Contralateral Silent Period

Paretic

< Real-time visual __J) W
feedback of muscle
activation

Arm

Surface
EMG

Affected
Hemisphere

Figure 1.
To elicit an ipsilateral silent period (A), patients activated their paretic arm by isometrically

contracting the target muscle (biceps or triceps) while TMS was applied to the unaffected
hemisphere primary motor cortex. The resulting period of decreased EMG activity reflects
interhemispheric inhibition from the unaffected to the affected hemisphere. To elicit a
contralateral silent period (B), the paretic arm was activated while TMS was applied to the
affected hemisphere primary motor cortex, eliciting a period of decreased EMG activity that
reflects intracortical inhibition.

EMG = electromyography; TMS = transcranial magnetic stimulation
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Ipsilateral Silent Period (iSP)
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Figure 2.

With stimulation of the unaffected hemisphere, the ipsilateral silent period (iSP) elicited in
the paretic arm triceps muscle was greater than that in biceps (Main Effect of Muscle),
increased with increasing stimulation intensity (Main Effect of Intensity), and increased
more in triceps than biceps (Interaction Effect).
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Associations between interhemispheric inhibition, measured by the ipsilateral silent period
(iSP), and overall motor impairment of the arm (measured by the Upper Extremity Fugl-
Meyer Assessment) and proximal arm motor performance (measured by reaching response
time). Note that response time values are displayed longest to shortest (left to right), since
longer response time indicates slower task completion. For both biceps and triceps, higher
iSPs correlated with more severe motor impairment of the arm (top row). For triceps, higher
iSP values also tended to be associated with longer (i.e. slower) reaching response times

(bottom right).
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Contralateral Silent Period (cSP)
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Figure 4.

With transcranial magnetic stimulation (TMS) of the stroke-affected hemisphere, the
contralateral silent period (cSP) was greater in triceps than biceps (Main Effect of Muscle)
and increased with increasing stimulation intensity (Main Effect of Intensity).
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Intracortical Inhibition of Affected Arm
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Associations between intracortical inhibition, measured by the contralateral silent period
(cSP), and overall motor impairment of the arm (measured by the Upper Extremity Fugl-
Meyer Assessment) and proximal arm motor performance (measured by reaching response
time). Note that biceps cSP (left) was positively associated with Fugl-Meyer score and
reaching response time, while triceps cSP (right) showed no correlation with either measure.
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