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Objective: Short intracortical inhibition (SICI) is a GABAA-mediated phenomenon,
argued to mediate selective muscle activation during coordinated motor activity.
Markedly reduced SICI has been observed in the acute period following stroke and,
based on findings in animal models, it has been posited this disinhibitory phenomenon
may facilitate neural plasticity and contribute to early motor recovery. However, it remains
unresolved whether SICI normalizes over time, as part of the natural course of stroke
recovery. Whether intracortical inhibition contributes to motor recovery in chronic stroke
also remains unclear. Notably, SICl is typically measured at rest, which may not fully
reveal its role in motor control. Here we investigated SICI at rest and during voluntary
motor activity to determine: (1) whether GABAA-mediated inhibition recovers, and (2) how
GABAA-mediated inhibition is related to motor function, in the chronic phase post-stroke.

Methods: We studied 16 chronic stroke survivors (age: 64.6 + 9.3 years; chronicity:
74.3 £ 52.9 months) and 12 age-matched healthy controls. We used paired-pulse
transcranial magnetic stimulation (TMS) to induce SICI during three conditions: rest,
submaximal grip, and performance of box-and-blocks. Upper-extremity Fugl-Meyer
Assessment and Box-and-Blocks tests were used to evaluate motor impairment in stroke
survivors and manual dexterity in all participants, respectively.

Results: At rest, SICI revealed no differences between ipsilesional and contralesional
hemispheres of either cortical or subcortical stroke survivors, or healthy controls (P’s >
0.05). During box-and-blocks, however, ipsilesional hemisphere SICI was significantly
reduced (P = 0.025), especially following cortical stroke (P < 0.001). SICI in the
ipsilesional hemisphere during box-and-blocks task was significantly related to paretic
hand dexterity (r = 0.56, P = 0.039) and motor impairment (- = 0.56, P = 0.037).

Conclusions: SICI during motor activity, but not rest, reveals persistent impairment
in chronic stroke survivors indicating that inhibitory brain circuits responsible for motor
coordination do not fully normalize as part of the natural history of stroke recovery.
Observation that reduced SICI (i.e., disinhibition) is associated with greater motor
impairment and worse dexterity in chronic hemiparetic individuals suggests the response
considered to promote neuroplasticity and recovery in the acute phase could be
maladaptive in the chronic phase post-stroke.
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INTRODUCTION

GABAergic inhibitory brain circuits are important to
motor control (1-6). These inhibitory circuits are suggested
to prevent co-activation of separate motor cortical regions
in animal models (1) and are implicated in selective muscle
activation during dexterous motor tasks in humans (1-6).

Paradoxically, reduced GABAergic activity, or disinhibition, is
considered relevant to early motor recovery following stroke (7-
10). This argument stems from observations in a mouse model
of acute stroke that excessive GABA 5 -mediated tonic inhibition
is reduced by blockage of extrasynaptic GABA, receptors (11).
Functional recovery of forelimb and hindlimb motor control is
associated with this reduced inhibition (11). It is thus reasoned
that disinhibition of GABA, activity enhances neuroplasticity
and promotes functional reorganization of perilesional tissue
contributing to functional recovery (12). As a result, reduced
GABAergic activity, or disinhibition, is also believed to be
relevant to early motor recovery following stroke in humans (7-
10). However, due to differences in both the underlying biology
and measurement of GABAergic activity, it remains unclear how
well results from animals models can be generalized to humans.

The role of cortical disinhibition in the ipsilesional
hemisphere (IH) becomes even less clear in the chronic phase
post-stroke when an alternative motor network has become
established (8, 13-15). Current views on stroke rehabilitation
emphasize means to increase IH cortical excitability [i.e., non-
invasive brain stimulation (NIBS)] in both acute and chronic
stroke survivors with expectation this approach will improve
upper limb motor function (16-20). Recent meta-analyses
of NIBS clinical trials report unsatisfactory outcomes; while
IH cortical excitability can be increased, it does not appear
to be effectively translated to functional improvements in the
paretic arm (21, 22). However, these studies focus on cortical
excitability without consideration of the role of intracortical
inhibitory circuits in motor control. Of note, Marconi et al. (14)
found intervention-related improvements in motor function in
chronic stroke survivors correspond with increased intracortical
inhibition. Similar results have been reported by Liepert et al.
(13). Together, these observations suggest enhancement of
intracortical inhibitory activity in the chronic phase post-stroke
may contribute to remodeling of the residual motor network
(14) and promote motor recovery more effectively than a further
loss of inhibition (13). Given limited evidence to support these
suggestions, the role of intracortical inhibition in motor recovery
in chronic stroke remains unclear.

Short intracortical inhibition (SICI), induced using paired-
pulse transcranial magnetic stimulation (TMS), reflects activity

Abbreviations: AMT, active motor threshold; B&B, box & blocks task; BBT, box
and blocks test; CH, contralesional hemisphere; FDI, first dorsal interosseus; IH,
ipsilesional hemisphere; ISI, interstimulus interval; MEP, motor-evoked potential;
MEP/EMG, the ratio of S2 MEP size over the mean prestimulus EMG activity;
MoCA, Montreal cognitive assessment; MVC, maximal voluntary contraction;
NIBS, Non-invasive Brain Stimulation; RMT, resting motor threshold; SICE, short
intracortical facilitation; SICI, short intracortical inhibition; TMS, transcranial
magnetic stimulation; UE FMA, upper-extremity component of the Fugl-Meyer
Motor Function Assessment.

of GABA-mediated inhibitory circuits (23-25). The literature
suggests SICI is reduced in the IH acutely (ie., within a
month) post-stroke (7, 8, 10, 26), but may return to normal
levels chronically (i.e., >6 months) (15, 27, 28). Beyond these
fundamental observations, the current literature discussing SICI
post-stroke lacks a common thread. For example, differences
in the magnitude of IH SICI have been reported between
cortical and subcortical stroke by some (13, 27) but not all
(8, 10, 26, 28) investigators. Inconsistencies are also found in the
relationship between paretic hand motor function and IH SICL
For example, Honaga et al. (28) reported that motor function
and SICI were inversely related in chronic stroke survivors (i.e.,
lower-functioning individuals tend to show disinhibition), while
Ferreiro de Andrade et al. (29) recently reported the opposite.
Still other studies report no correlation between SICI and motor
function in chronic stroke (8, 13, 27). The influence of lesion
location on SICI is also unclear. For example, SICI has been
found to be more disrupted in the early phase following cortical
vs. subcortical stroke (27, 30). However, it has also been reported
that lesion location does not influence IH SICl,s in chronic
stroke (8, 10, 26, 28).

Such inconsistencies in detecting SICI may stem from
multiple confounding factors. For one, SICI is usually measured
at rest, particularly in stroke survivors. A few studies have
measured SICI during motor preparation in stroke surviors (31,
32). However, since GABAergic circuits are implicated in motor
function, SICI measured at rest (SIClyest), or prior to movement,
may not elicit the same phenomenon as SICI measured during
production of motor activity (SICI,ctive). Another key factor,
motor-evoked potential (MEP) size, is more variable at rest than
during voluntary muscle contraction (33). To our knowledge, no
published study has measured SICI during muscle contraction or
motor activity (i.e., SICI,ctive) in stroke survivors.

Here we investigated the relationship between SICI and
motor function in the chronic phase post-stroke to determine
whether IH SICI is normalized as part of the natural history
of recovery. We studied individuals with hyper-chronic stroke
sequelae at rest and during active motor tasks to investigate:
(1) whether SICI is normalized, (2) whether recovery of SICI
differs between cortical and subcortical stroke survivors, and (3)
the relationship of IH SICI during motor activity (SICI,ctive),
relative to healthy controls. We anticipated IH SICI,tive would be
reduced in stroke survivors, especially following cortical stroke.
These results have potential implications for both understanding
the process of motor recovery and identifying rehabilitation
strategies to promote recovery following stroke.

METHODS
Subjects

We studied sixteen chronic stroke survivors and twelve age-
matched healthy controls. Stroke survivors meeting the following
criteria were included: (1) evidence of a single, monohemispheric
stroke (with confirmatory neuroimaging) >6 months prior
to enrollment with (2) nominal ability to form and release
a power grip and transfer small objects as required by the
Box and Blocks Test (BBT) (34). Healthy, age-matched adults

Frontiers in Neurology | www.frontiersin.org

January 2019 | Volume 9 | Article 1105


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Ding et al.

Cortical Disinhibition During Movement Post-stroke

with no history of stroke or chronic neurological impairment
were studied as reference control subjects. All participants were
screened for eligibility to receive TMS (35) and excluded if:
using medications that reduce seizure threshold; pregnant; or any
implanted device or metal that might be affected by the magnetic
field generated by TMS was present. Additional study exclusion
criteria were: presence of cognitive impairment as defined by
inability to comprehend and follow three step commands;
corrected vision <20/20; or history of seizure disorder. Stroke
survivors were classified as cortical or subcortical stroke if
the lesions involved cortical areas in any vessel distribution
or affected only subcortical areas, respectively. Demographic
characteristics are reported in Tables 1, 2.

All study procedures were approved by University of Florida
Health Science Center Institutional Review Board (IRB-01) and
carried out in conformity with the standards of the Declaration
of Helsinki. Prior to enrollment all participants provided written
informed consent.

Clinical Assessments

Motor impairment in stroke survivors was assessed using
the upper extremity component of the Fugl-Meyer Motor
Assessment (UE-FMA) (36) and the Modified Ashworth Scale
(MAS) (37). All participants were assessed with the Edinburgh
Handedness Inventory, to determine laterality (38), and the
BBT (34), to assess manual dexterity. The Montreal Cognitive
Assessment (MoCA) was also administered in all participants to
characterize cognitive function (39).

Force Measurements

We tested maximal voluntary isometric power grip (MVC) in
both hands of stroke survivors and the non-dominant hand
of healthy controls. Custom grip dynamometers instrumented
with capacitive load cells (iLoad Mini MFD-200 & DQ-1000A,
Loadstar Sensors, Fremont, California) were used to measure
isometric power grip force in the “standard” position (40)
with real-time force feedback displayed on a television screen
(Samsung, TruSurround HD, Dolby Digital, 48 inches). Three
MVC trials were interspersed with rest intervals (2 min); the peak
value was carried forward as MVC for each hand.

EMG Recordings

MEPs were collected by recording surface EMG from the first
dorsal interosseus (FDI) using the Surface EMG for Non-Invasive
Assessment of Muscles (SENIAM) guidelines for electrode
placement (41). Participants were seated in a comfortable chair
with the back and neck supported. EMG signals were sampled at
2kHz using LabChart (Version 7 Pro, AD instruments, Colorado
Springs, Colorado, U.S.A.) via a laboratory analog-to-digital
interface (PowerLab 16/35, AD instruments, Colorado Springs,
Colorado, U.S.A.). EMG data were written to disc for offline
analysis.

Transcranial Magnetic Stimulation (TMS)

TMS was performed using two Magstim stimulators connected
by a Bi-stim module (Magstim 200?> & BiStim?, The Magstim
Company Ltd, Dyfed, Wales, UK). TMS was applied over

primary motor cortex using a figure-of-eight-shaped coil (70 mm
diameter) positioned tangentially 45° from midline to induce a
posterior-anterior current in the target hemisphere. Participants
were asked to rest while determining the optimal scalp position
for eliciting maximal responses in contralateral FDI (i.e.,
“hotspot”). Resting motor threshold (RMT) was determined
experimentally as the lowest stimulation intensity that produced
MEPs >50 pV in >50% of consecutive stimulations (42) during
rest, and active motor threshold (AMT) as the lowest stimulation
intensity that produced MEPs >100 WV in >50% of consecutive
stimulations while gripping at 10% MVC (43). Neuronavigation
(BrainSight, Version 2, Rogue Research Inc., Montreal, Quebec,
Canada, 2006) was used to maintain coil position over the
hotspot and monitor its stability. Coil positioning error was
controlled at <5mm displacement and <3° relative to target.
Stimulations were delivered at <0.1 Hz.

SICI was induced using paired-pulse TMS [i.e., conditioning
(S1)—test (S2) stimuli delivered at a fixed interstimulus interval
(ISD)]. During study parameterization, ISIs were tested (range 2-
6ms, 0.5ms increments, randomized order) to identify the ISI
producing maximal inhibition for each subject and hemisphere
(44, 45). In the rest condition S1 was set at stimulator output
equal to 80% RMT (23); during active motor tasks S1 was set at
70% AMT (46). S2 was adjusted across tasks to the stimulator
intensity producing an MEP between 0.5 and 1 mV peak-to-peak
during task performance (46).

We defined “SICI non-responders” for cases where SICIyest
could not be induced using any ISI. Such atypical SICLe (i.e.,
inability to induce inhibition) has been reported among older
adults (47, 48), thus to eliminate this potential confounding
factor, “SICI non-responders” were excluded from further
analysis. This exclusion involved three healthy control
participants, both hemispheres of one individual (subcortical)
and the contralesional hemispheres (CH) of three stroke
survivors (two cortical, one subcortical).

Task-Dependent SICI

SICI was induced in three motor conditions: at rest (SIClest),
during submaximal grip (SIClgp), and during box & blocks
(B&B) (SICIpgsp). At rest, the arm was positioned in 5-10° of
shoulder flexion, 10-15° shoulder abduction, and 90° elbow
flexion, with the forearm and wrist in neutral supported by
an armrest. Participants were instructed to completely relax.
EMG signals displayed on a computer screen were used to
provide feedback and assist participants in keeping the arm
and hand muscles quiet. During grip, participants produced
constant submaximal (10% MVC) isometric power grip with
force feedback displayed visually as a target zone (10 £ 2% MVC)
within which the participant was instructed to maintain force.
The standard arm position was maintained during gripping (40,
49) with an arm support. Prior to testing, participants practiced
using visual feedback to maintain the force trace within the target
zone. TMS was applied when the force trace was stable and
maintained in the target zone. During SICI testing, participants
gripped for up to 20s; 3-4 stimulations were delivered during
each trial. Note, the B&B task condition differs slightly from the
BBT, referenced above, used for assessment of dexterity. During
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TABLE 1 | Participants demographic and clinical characteristics.

Age, years Sex Paretic Handedness Months after FMA MAS BBT (P or ND MoCA
side (premorbid  stroke onset (0-66) (0-28) arm) (0-30)
in stroke)
Mean + SD Male/Female Right/Left Right/Left Mean + SD Mean + SD Mean + SD Mean + SD Mean + SD
(range) (range) (range) (range) (range) (range)
Cortical 65.1 +11.1 71 5/3 8/0 88.3 £57.8 58.0 £ 10.1 3.8+£8.0 376+11.4 248 +5.7
stroke (49-81) (6-170) (38-66) (0-23) (21-49) (16-30)
n=8
Subcortical 626+ 7.7 71 2/6 8/0 60.3 + 46.9 55.6 +£10.1 43+74 33.8 +£10.2 27.3+ 3.6
stroke (63-77) (7-175) (38-66) (0-21) (16-47) (21-30)
n=38)
Healthy 60.6 + 8.8 7/5 n/a 12/0 n/a n/a n/a 512+ 114 27.7+2.5
controls (51-80) (81-75) (22-30)
(h=12)

UE FMA refers to upper-extremity component of the Fugl-Meyer Motor Function Assessment, indicating motor impairments in stroke survivors (36). MAS refers to modified Ashworth
scale, indicating spasticity in stroke survivors (37). BBT refers to box and blocks test, measuring manual dexterity (34). MoCA refers to Montreal cognitive assessment. P arm refers to
paretic arm in stroke survivors. ND arm refers to non-dominant arm in healthy controls. No differences in age were revealed between cortical, subcortical stroke and control groups. No
difference in chronicity, UE FMA, MAS, BBT, or MoCA was revealed between cortical and subcortical stroke groups.

TABLE 2 | Participant characteristics.

Subject number Age (years) Sex Paretic hand Chronicity (mos) Type of stroke Lesion location UE FMA
Stroke 01 53 M R 28 Ischemic Posterior internal capsule; subcortical 58
Stroke 02 64 M R 170 Ischemic Frontal lobe and posterior parietal lobe; cortical 49
Stroke 03 58 M L 34 Ischemic Temporal/parietal lobe; cortical 38
Stroke 04 77 M L 34 Ischemic Thalamus; subcortical 66
Stroke 05 62 M L 150 Ischemic Posterior internal capsule; subcortical 38
Stroke 06 63 F L 93 Ischemic Internal capsule; subcortical 66
Stroke 07 81 M R 143 Hemorrhagic Temporal/parietal lobe; cortical 66
Stroke 08 74 M R 70 Ischemic Parietal lobe and insula; cortical 58
Stroke 09 67 M R 66 Hemorrhagic Periventricular white matter, centrum semiovale; subcortical 62
Stroke 10 66 M L 80 Ischemic Putamen and periventricular white matter; subcortical 44
Stroke 11 59 M L 24 Ischemic Posterior internal capsule; subcortical 55
Stroke 12 70 F L 47 Hemorrhagic Parietal/temporal lobe; cortical 65
Stroke 13 54 M L 7 Hemorrhagic Putamen and periventricular white matter; subcortical 56
Stroke 14 49 M L 127 Ischemic Temporal/frontal/parietal lobe; cortical 66
Stroke 15 53 M R 110 Ischemic Frontal/temporal/parietal lobe; cortical 57
Stroke 16 72 M R 6 Ischemic Insular; cortical 65

UE FMA refers to upper-extremity component of the Fugl-Meyer Motor Function Assessment. M refers to male, and F refers to female. L refers to left, and R refers to right.

B&B, participants transferred blocks between halves of a divided
box at their preferred pace. The box and blocks task involves
repeated reach, grasp, transfer, and release of a standard object,
thus is considered an assay of functional movement. Attainment
of maximal thumb-index finger aperture during hand pre-
shaping is recognized as an invariant characteristic of reach-
to-grasp movements (50). Therefore, to assure all participants
were stimulated at the same stage of movement, we applied TMS
concurrently with acquisition of maximal finger-thumb aperture
during the reach-to-grasp stage.

the non-dominant hemisphere in healthy controls. SICI testing
followed TMS parameterization to determine RMT, AMT, S2,
and ISL. In stroke survivors, IH and CH were tested in random
order. Task order was randomized by subject; within each task
conditioned and unconditioned stimuli (20 each) were block
randomized (four stimuli per block).

Data Analysis

Data Reduction

MEPs were analyzed offline using custom written Matlab scripts
(MATLAB R2011b, The MathWorks, Natick, Massachusetts,
U.S.A)). EMG data were demeaned, filtered (4th order
Butterworth, 10-500Hz), and signal averaged over 20 trials
per condition. SICI was quantified by calculating 1 - the ratio of

Experimental Procedures
All procedures were conducted in a single session. TMS testing
was performed in both hemispheres in stroke survivors and
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conditioned MEP,;,/unconditioned MEP,., (C/U ratio) where
positive values indicate inhibition and negative values indicate
disinhibition (51). EMG during the 100 ms period preceding the
stimulus was analyzed offline to determine the magnitude of
background EMG activity during muscle contraction (46). The
ratio of S2 MEP size to background EMG activity (MEP/EMG)
was also calculated.

Statistical Analysis

To address our primary question, whether IH SICI is normalized
in chronic stroke, data analysis focused on IH SICI with
participants grouped by lesion location (i.e., cortical, sub-
cortical). Statistical analyses were performed using IBM SPSS
Statistics 22 (SPSS Inc., Chicago, IL, USA). Data were found to
meet the normality assumption using the Kolmogorov-Smirnov
test.

For stroke survivors, mixed design [Hemisphere(2) x Task(3)
x Lesion location(2)] ANOVA, with repeated measures on
Hemisphere and Task, was used to analyze SICI and S2 MEP
size. Background EMG and MEP/EMG were analyzed using
similar mixed design [Hemisphere(2) x Task(2) x Lesion
location(2)] ANOVA, with repeated measures on Hemisphere
and Task. Subsequently, each hemisphere of stroke survivors
was compared separately against the control group using mixed
design [Group(2) x Task(3)] ANOVA with repeated measures
on task. Within each hemisphere, comparisons were performed
between cortical stroke, subcortical stroke, and controls using
mixed design [Group(3) x Task(3)] ANOVA with repeated
measures on task. All data met the Sphericity assumption, which
was tested using Mauchly’s test. Based on suggestions of current
statistical literature, post-hoc comparisons, with Bonferroni
correction for multiple comparisons, were conducted regardless
of F-test results (52-55). Effect sizes (Cohen’s d for two group
comparisons, where Effect sizes = 0.2 are considered small, 0.5
medium, and >0.8 large; or Cohen’s f for comparisons between
more than two groups, where 0.1 is considered small, 0.25
medium and >0.4 large) (56) were also computed for all multiple
comparisons.

RMT, AMT and ISI were each compared between hemispheres
in stroke survivors using paired t-tests; each hemisphere was
then compared with the control group using independent ¢-
tests. Mixed design [Group(3) x Task(3)] ANOVA was used to
analyze neuronavigation target errors in both hemispheres of
stroke survivors and the control group, with repeated measures
on task.

Pearson correlations were used to investigate the relationship
between motor function scores and SICI, S2 MEP size,
background EMG and MEP/EMG during each task. Statistical
significance was established at P < 0.05.

RESULTS

Neuronavigation displacement and angle errors both fell within
the target range (<3mm and <5°). Displacement error was
consistent between groups, hemispheres, and across tasks (P’s >
0.05). Angle error was somewhat greater during B&B compared
to rest and grip (P’s < 0.02) without differences between groups
or hemispheres (Table 3). No significant differences in RMT,

TABLE 3 | Neuronavigation target error.

Displacement error (mm) Angle error (°)

Rest Grip Band B Rest Grip Band B

IH 1.49 1.48 1.86 2.64 2.71 3.76
(+0.64) (£0.51) (£0.77) (+£1.40) (+£1.25) (£1.51)*

CH 1.50 1.59 1.81 2.59 2.44 3.36
(+£0.39) (+0.38) (+0.56) (+£1.07) (+0.87) (+1.52)

Controls 1.37 1.43 1.56 2.61 2.43 3.19
(£0.89) (+£0.72) (+£0.63) (+£1.00) (+£1.02) (£1.59)*

Data presented are mean(+SD). *indicates significant between-task differences
(P < 0.05). Displacement error was minimal (<3mm) and consistent between groups,
hemispheres and across tasks (P > 0.05). Angle error was somewhat greater during
B and B compared to rest and grip (P's < 0.02), but within our targeted range (<5°);
no group or hemisphere differences were revealed. CH, contralesional hemisphere; IH,
ipsilesional hemisphere; B and B, box and blocks task.

AMT, or ISI were revealed between hemispheres or groups (P’s
> 0.05).

Group means for ISI, S2 MEP size, background EMG, and
MEP/EMG are reported in Table 4. These three parameters were
evaluated for significant differences across tasks to determine
whether variations in general motor excitability or MEP size,
specifically, influence SICI. Responses were generally consistent
between hemispheres and groups across tasks. No significant
differences were revealed between hemispheres, or between
cortical stroke, subcortical stroke and healthy controls during
any task (P’s > 0.05). Furthermore, in stroke survivors IH S2
MEDP size, mean prestimulus EMG, and MEP/EMG during grip
and B&B were not significantly correlated with clinical severity
(e.g., UE FMA and BBT) (P’s > 0.05). These results indicate
variations in background EMG or MEP size are not likely
confounding factors contributing to differences in SICI across
tasks.

SICI by Hemisphere

No significant differences were revealed between hemispheres
in stroke survivors, or between the CH and controls in any
task (P’s > 0.05). Comparison between the IH and the control
group revealed significant main effects of Task [F(; 4) = 3.86,
P = 0.029] and Group [F(;, 5;) = 11.65, P = 0.003] (Figure 1).
Follow up comparisons revealed that during active tasks, SICI
in the IH was lower than controls; this difference approached
significance during grip (P = 0.094, d = 0.76) and reached
significance during B&B (P = 0.025, d = 1.09). At rest, there
was no significant difference in SICI between IH and controls
(P > 0.05, d = 0.46). In addition, IH SICIpgp was significantly
reduced compared with SIClest (P = 0.028, d = 0.63). In the
control group, however, no differences in SICI were revealed
across tasks (P > 0.05, f = 0.39). In the CH, although there
was a significant main effect of Task (F,, 50y = 3.91, P = 0.37,
f = 0.62), no significant differences in SICI across tasks
were revealed in post-hoc comparisons (P’s > 0.05, ds < 0.7)
(Figure 1).

SICI by Lesion Location
Our primary analysis, comparison between IH of cortical and
subcortical stroke and healthy controls (Figure 2), revealed
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TABLE 4 | ISI, S2 MEP size, prestimulus EMG activities, and MEP/EMG ratio.

ISI (ms) S2 MEP size (1V) Mean prestimulus EMG acitvity (1V) MEP/EMG
Rest Grip B and B Grip B and B Grip B and B
H 3.25 (+0.91) 557.87 (+487.36) 548.73 (+£327.20) 636.35 (+4014.51) 36.99 (+27.71) 37.24 (£37.31) 26.67 (£25.90) 24.48 (+18.59)
CH 3.06 (£1.17) 587.36 (+£383.36) 747.48 (+£576.44) 561.53 (+349.91) 71.08 (+58.68) 34.09 (+13.66) 16.86 (+£20.44) 17.33 (£9.78)
Controls  2.95 (£0.64) 555.92 (£390.23) 464.63 (+323.37) 775.18 (£294.60) 68.27 (+39.10) 27.42 (£7.42) 10.02 (+£12.25) 26.69 (+10.49)

Data presented are mean (+SD). All parameters were generally consistent across hemispheres and groups in each task. IS, interstimulus interval; MEP/EMG, the ratio of S2 MEP size
to prestimulus EMG; CH, contralesional hemisphere; IH, ipsilesional hemisphere; B and B, box and blocks task.
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FIGURE 1 | Short intracortical inhibition (SICI) across tasks and hemispheres. Data presented are group mean +SEM. * indicates significant differences (P < 0.05). 4
indicates differences approaching statistical significance (P < 0.1). No significant difference was revealed between IH and CH in stroke survivors. During grip and B
and B, IH SICI was reduced compared with healthy controls (P = 0.094 during grip and 0.025 during B and B). Additionally, IH SICI was significantly reduced during B
and B compared with rest (P = 0.028). In CH or healthy controls no difference in SICI was revealed across tasks. Of note, background EMG activity, S2 MEP size, and
MEP/EMG were not significantly different between controls and Stroke IH during either grip or B and B, reducing likelihood that differences in motor excitability
contribute to differences in SICI between controls and IH in stroke. CH, contralesional hemisphere; IH, ipsilesional hemisphere; B and B, box and blocks task; MEP,

motor-evoked potential. MEP/EMG refers to the ratio of S2 (unconditioned) MEP size to mean prestimulus EMG activity.

main effects of Task [F 49) = 5.19, P = 0.01] and Group
[F(2,20) = 12.04, P < 0.001]. Follow up comparisons revealed
that SICI was significantly lower during grip and B&B in cortical
stroke than controls (P’s = 0.03 and 0.012, d’s = 1.23 and 1.74,
respectively); while at rest, no difference in SICI was revealed
across groups (P > 0.05, f = 0.23). In cortical stroke, SICIgyp
(P = 0.04, d = 0.77) and SICIggg (P = 0.017, d = 0.82)
were significantly reduced compared with SICI,e. In subcortical
stroke, no differences in SICI were revealed across tasks (P > 0.05,
f =0.37) (Figure 2).

Relationship Between Motor Performance

and SICI

Paretic hand BBT scores were highly correlated with the UE-
FMA in all stroke survivors (r = 0.95, P < 0.0001). Thus, due
to the known ceiling effect of the FMA (57, 58), we used the BBT
to evaluate stroke survivors and controls on the same continuum
of motor function. Using data from stroke survivors’ IH and
healthy controls we found SICIpgp was positively correlated with
BBT score (r = 0.57, P = 0.005) (Figure 3). Within only stroke

survivors, IH SICIpgp was also positively correlated with paretic
hand BBT score (r = 0.56, P = 0.039). When the stroke group was
separated by lesion location, the intercept of this relationship was
significantly higher in cortical than subcortical stroke (P = 0.01)
(Figure 4). IH SIClIpgp was also positively correlated with FMA
(r = 0.56, P = 0.037) (not illustrated). However, no significant
correlations were revealed between IH SIClyest or SIClgyip and
behavioral parameters (i.e., paretic hand BBT score or FMA) and
SICI in the CH or in healthy controls.

DISCUSSION

To our knowledge, this is the first study to measure SICI during
motor activity in stroke survivors. Our primary findings are: (1)
when measured at rest, IH SICI appears to be normalized in
chronic stroke; but (2) when measured during motor activity,
IH SICI is reduced, reflecting motor disinhibition, especially
following cortical stroke or in the presence of severe motor
impairment; (3) when S1 intensity is adjusted to induce
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FIGURE 2 | Short intracortical inhibition (SICI) in the IH in stroke survivors and healthy controls. Data presented are group mean +SEM. * indicates significant
difference (P < 0.05). During grip and B and B, SICI was significantly reduced in cortical stroke compared with healthy controls (P's = 0.03 and 0.012, respectively).
Across tasks, SICI in cortical stroke was significantly reduced during grip and B and B compared with rest (P’s = 0.04 and 0.017, respectively). Of note, background
EMG activity, S2 MEP size, and MEP/EMG were not significantly different among groups during either grip or B and B, reducing likelihood that differences in motor
excitability contribute to group-differences in SICI. IH, ipsilesional hemisphere; B and B, box and blocks task; MEP, motor-evoked potential. MEP/EMG refers to the
ratio of S2 (unconditioned) MEP size to mean prestimulus EMG activity.
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FIGURE 3 | Short intracortical inhibition (SICl) measured during box and blocks task (B and B) is significantly correlated with Box and Blocks Test (BBT) score.
Correlation includes all participants, stroke survivors and healthy controls, and all participants were evaluated on the same continuum. Most healthy controls showed
better performance in BBT than stroke survivors, but there is also a region of overlap in BBT between healthy controls and stroke survivors. Individuals with better
motor performance (i.e., healthy controls or high-functioning stroke survivors) tend to have more SICI during B and B, while individuals with poor motor performance
(i.e., low-functioning stroke survivors) tend to have reduced SICI in IH during B and B (r = 0.57, P = 0.005). This result indicates that SICl-related inhibitory circuits
may play an active role in coordinated motor activity. Of note, background EMG activity, S2 MEP size, and MEP/EMG during B and B were not significantly correlated
with BBT score, therefore do not contribute to the correlation between SICI and BBT score. IH, ipsilesional hemisphere; MEP, motor-evoked potential. MEP/EMG
refers to the ratio of S2 (unconditioned) MEP size to mean prestimulus EMG activity.

maximal inhibition, SICI;es and SICI,ctive are similar in healthy  healthy controls, cortical, and subcortical stroke survivors.

individuals. Furthermore, no differences were revealed between cortical and
subcortical stroke in SIClI .

SICI Measured at Rest CH SICl,es also appeared to be similar to healthy controls.

IH SICl st Appears to be Normalized in Chronic Results regarding CH SICls in chronic stroke remain

Stroke inconsistent in the current literature. Similar to our findings,

Shimizu et al. (30) reported that CH SICI returns to normal
within 6 months following both cortical and subcortical stroke.
However, Honaga et al. (28) reported that CH SICI remains

Consistent with previous studies reporting normalization of
IH SICl,est by 6 months post-stroke (27, 28), we observed
the magnitude of TH SICl,.s was similar between age-matched
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FIGURE 4 | Short intracortical inhibition (SICI) in ipsilesional hemisphere measured during performance of box and blocks (B and B) correlates with box and blocks
test (BBT) score in the paretic hand in stroke survivors. *indicates significant difference (P < 0.05). Overall correlation reveals an association between SICI during
movement and motor function (- = 0.56, P = 0.039). BBT scores span a similar range between cortical and subcortical stroke survivors, but the intercept is
significantly lower (P = 0.01) in cortical stroke indicating systematically reduced SICI during B and B compared to subcortical stroke. Of note, background EMG
activity, S2 MEP size, and MEP/EMG during B and B were not significantly correlated with BBT score, therefore do not contribute to the correlation between SICI and
BBT score. IH, ipsilesional hemisphere; MEP, motor-evoked potential. MEP/EMG refers to the ratio of S2 (unconditioned) MEP size to mean prestimulus EMG activity.

reduced 6 months following cortical, but returns to normal
following subcortical stroke. Dissimilarities between Honaga
et al’s (28) results and ours may stem from differences in
chronicity of stroke survivors studied [~2 years (28) vs. ~6 years,
present study]. It is possible that if CH SICl,eg is normalized,
it may occur over a wider time span following stroke than
previously suggested.

Confounding Influences on SICI, Measured at Rest
While we observed “SICI non-responders” in both stroke and
control groups, it remains unclear whether absence of SICI
reflects the range of normal physiological variation or represents
a pathological phenomenon (47, 48). Important to the current
study, however, inability to induce SICly may influence
the function of SICI-related inhibitory circuits during motor
activity, making it difficult to compare SICI,ctive between “SICI
non-responders” and individuals exhibiting normal SICIe.
Therefore, we excluded the hemispheres (28, 32, 59) in which we
were unable to induce SICls at any ISI. Factors influencing the
magnitude and presence of SICl,s are complex and explanation
for occurrence of four “SICI non-responders” among the larger
sample is beyond the scope of the present study. However,
methods to induce SICI were consistent across all participants,
suggesting individual physiologic differences contribute to the
phenomenon of “SICI non-responders.”

Variability in MEP size influences the presence and magnitude
of SICI (60) and is much higher at rest than during
voluntary muscle contraction (33) likely reflecting a fluctuating
physiological state at rest (61). MEP size, and by extension SICI,
are influenced by many physiological factors including: attention
(62), speech (61), motor imagery (63-66) and movement
observation (67-69), which are difficult to control when
measuring neurophysiological responses at rest. Recognized
inconsistencies in the existing SICI literature may stem from
increased variability when SICI is measured at rest. Measuring
SICI during controlled motor activity may stabilize the level of

background neural drive across individuals, thereby reducing
variability in SICI, and improving the likelihood of detecting
genuine group or task differences.

While previous studies have suggested that IH SICI returns
to normal in the chronic phase of stroke recovery (27, 28), this
conclusion is based on studies in which SICI was measured at
rest. Such results contribute to the impression that GABAergic
inhibitory circuit function is ultimately normalized after stroke.
However, since GABAergic inhibitory circuits have been found
to contribute to selective muscle activation during coordinated
motor tasks (2-5), SICI evoked at rest may not be the optimal
methodology to assess functional recovery of this inhibitory
network in chronic stroke.

SICI During Motor Activity

Compared with healthy controls, IH SICI,iyve Was reduced in
chronic stroke. Importantly, S2 MEP size and background EMG
during motor tasks were similar across groups, thus are unlikely
to contribute to this group difference in SICI. Additionally, we
found reduced IH SICI,ye revealed significant influences of
lesion location and motor function.

Lesion Location

Whether lesion location influences IH SICl,s remains
controversial. We found both TH SIClgy, and SICIpgp were
reduced in chronic stroke compared with healthy controls,
especially following cortical stroke. Because SICI is suggested
to be of cortical origin (23), it is reasonable to speculate that
SICI-related inhibitory circuits are more likely to be disrupted
in cortical than subcortical stroke. Indeed, it has been reported
that SICI is more affected in the early phase following cortical
vs. subcortical stroke (27, 30), but it has also been reported
that lesion location does not influence IH SICl,et more than 1
month post-stroke (8, 10, 26, 28). In the chronic phase however,
differences between cortical and subcortical stroke are less clear,
particularly whether and how GABAergic inhibitory circuits
are normalized over time and how they function during motor
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activity. Activity of SICI-related circuits is argued to prevent
unwanted muscle activation (2, 3) contributing to production of
fractionated activity in intrinsic hand muscles (4-6). Therefore,
greater activity in these circuits can be expected during both
precision grip and B&B tasks. Although lesion location may
not influence SIClyes in the chronic phase following stroke, it
appears to influence SICI,ctive.

During grip, participants were asked to produce and maintain
a stable, submaximal force level with visual feedback. SICI-related
inhibitory circuits may contribute to this type of motor activity
by inhibiting excessive muscle activation. During B&B, TMS
was delivered concurrently with achieving maximal finger-thumb
aperture prior to grasping a block. At this point in movement
preparation, the velocity and direction of finger movements
are carefully controlled, thus likely involve inhibitory activity
to coordinate finger movements. Our observation of reduced
SICI,ctive in cortical stroke suggests dysfunction of inhibitory
GABA circuits during this coordinated motor activity. Although
apparently normal at rest, our findings indicate the function
of inhibitory GABAergic circuits may not be fully recovered
following stroke, especially following cortical stroke.

Motor Function

Across all participants, our results revealed a positive correlation
between SICIpgp and motor function scores, implicating SICIggp
as a functional correlate of motor performance. In lower-
functioning stroke survivors, SICIggp is markedly reduced, or
wholly deficient. Of note, no significant correlation was revealed
between motor function and SIClest or SICIgyip,. There are two
possible explanations for the correlation between paretic arm
motor function and SICIpgg: greater impairment of SICI-related
brain circuits in lower-functioning individuals, or differences in
the relative muscle contraction level during B&B.

Relative contraction level

Relative contraction level is an important consideration when
measuring SICI,cive and a possible explanation for reduced
SICIggp observed in low functioning individuals. While the
absolute force requirement of B&B is constant and the grip
force required for lifting a light object should be similar for
stroke survivors and healthy adults (70), it is possible that a
higher relative muscle contraction level was required during
B&B in low-functioning individuals. The importance of this
distinction is that SICI tends to be decreased at contraction
levels >10% MVC (46) due to: reduced GABAergic inhibition,
superimposition of concurrent facilitation from increased spinal
motoneuron excitability (46, 71), or recruitment of short
intracortical facilitation (SICF) (46), leading to less net inhibition.
The confounding influence of SICF can be eliminated by setting
S1 at 70% AMT (46) as was done in the current study.
Increased spinal motoneuron excitability, as occurs with higher
background contraction force, causes I-wave facilitation (72),
specifically observed as increased I1 and reduced I3 contributions
to MEPs (71, 72). During higher level muscle contraction (>10-
15% MVC) later I-waves (i.e., I3) are not required to generate a
test MEP size of 1 mV (46, 71, 72). Importantly, SICI acts mainly
on the I3 wave with little influence on the 11 wave (71, 73, 74).

Thus, less SICI is observed at higher contraction levels because
there are fewer I3 waves to suppress (46).

Additionally, it has been suggested that when S1 = 70%
AMT, low level muscle contraction (i.e., 0-10% MVC) does
not influence SICI (46). The mass of each wooden block is
~10 g (~0.1 N) translating to a minimum grip force requirement
of ~0.1N. The magnitude of safety margin for lifting a light
object is considered to be similar between stroke and healthy
adults (70). Therefore, although not directly measured here,
grip force is usually low (0.5-1N) when grasping and lifting
a small wooden block (70, 75, 76), well <10% MVC in most,
if not all, participants studied here. Furthermore, our results
revealed no significant correlations between motor function and
S2 MEP size, background EMG, or MEP/EMG during B&B.
Taken together, it is unlikely that SICI was strongly influenced
by the relative contraction levels during B&B. Therefore, our
observed correlation between SICIggp and motor function is
more likely due to impaired GABAergic inhibition in lower-
functioning individuals.

Effects of motor impairment

As mentioned above, while SICI,.ive has not been measured
in stroke survivors, correlations between SICl,e and motor
impairment post-stroke have been previously investigated
producing conflicting results (13, 28, 29). Honaga et al. (28)
observed that chronic stroke survivors who exhibit more SICI e
(i.e., more inhibition) tend to have better paretic arm motor
function. Recently, Ferreiro de Andrade et al. (29) reported
an opposite correlation, while still other studies report no
correlation between SICI and motor function in chronic stroke
survivors (8, 13, 27). Such inconsistent results may indicate that
SICl est does not accurately reflect the function of GABAergic
inhibitory circuits as they relate to motor control. Similarly,
our SICl,e results did not differentiate between control and
stroke, or between high and low functioning stroke survivors.
In contrast, SIClyciye clearly differentiated between healthy
controls and stroke survivors. While maintenance of stable, low
level grip force may involve activity of GABAergic inhibitory
circuits, power grip itself does not require individuated finger
movements or place high demands on selective muscle activation.
Consistent with this premise, our data show that SICIgyi, was
generally similar across stroke survivors, regardless of functional
level. The B&B task, however, involves manual dexterity
and finger coordination, arguably the types of movements
in which GABAergic inhibitory circuits are actively involved.
The robust association demonstrated between motor function
scores and SICIpgp, included all participants—healthy and
stroke regardless of lesion location—strongly suggesting both
a role of GABAa-mediated inhibition in motor control and
a functional consequence of deficient SICI in low functioning
stroke survivors.

SICI Across Tasks With Adjusted

Conditioning Stimulus

We adjusted conditioning stimulus (i.e., S1) intensity between
rest and active motor tasks to induce maximal SICI in each
condition (4, 23, 46, 77-79). Our results contrast with most
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other studies that use the same S1 intensity across tasks and
show reduced SICI during muscle contraction compared with
rest (4, 77-79). Instead, our results reveal similar SICI,es; and
SICl,ctive in healthy adults.

It is well-recognized that the magnitude of SICI depends
critically on S1 intensity (23, 42, 46, 80, 81). Variation of S1
intensity at a given S2 intensity typically reveals a U-shaped
relationship in SICI magnitude (23, 42, 80, 81) (Figure 5) with the
lowest point of this U-curve ascribed to increasing recruitment
of inhibitory interneurons that contribute to SICI (81). While the
mechanism responsible for the high end of this curve is less clear,
ithas been suggested that SICF-related brain circuits are recruited
and superimpose with inhibition thus reducing SICI magnitude
(24, 42, 81). S1 intensity has also been reported to have differential
influences on SIClyest and SICIctive (46, 82), producing different
U-shaped curves between resting and active muscle contraction.
At rest, the S1 intensity which induces maximal inhibition falls
around 80% RMT (or 100% AMT) (23, 25, 46, 80, 81); but during
muscle contraction, this curve is left-shifted with the low point
falling at 70% AMT (46) (Figure 5). Our goal in the present study
was to induce maximal SICI in each task which motivated the
decision to vary S1 intensity between 80% RMT for the resting
condition and 70% AMT during active motor tasks.

To our knowledge, maximal SICI—at the putative low point
of the U-curves—has not previously been reported. Using
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FIGURE 5 | S1 Intensity-Short intracortical inhibition (SICI) relationship differs
between rest and motor activity. lllustrative curves constructed using results
compiled from published data obtained in healthy adults (23, 46, 80, 81). S1
Intensity-SICI curve is left-shifted during motor activity (dashed line) compared
to rest (solid line). Vertical lines mark the minima of each curve. At rest, the low
point of the U-shaped curve (i.e., the S1 intensity inducing maximal inhibition)
falls ~100% active motor threshold (AMT) or 80% resting motor threshold
(RMT) (23, 25, 46, 80, 81); but during muscle contraction, the curve is
left-shifted with the low point falling ~70% AMT (arrow) (46). Using S1 = 80%
RMT at rest and 70% AMT during active tasks the current study revealed no
significant differences between SICligst and SIClggtive in healthy controls
suggesting these parameters induced maximal SICI in both conditions. Other
studies have used the same S1 intensity (>80% AMT) in both rest and active
conditions (e.g., 80% AMT, red dashed line) (4, 77-79). In such cases,
observation of reduced SICI during muscle contraction is not surprising, due to
comparisons at different points of the resting and active S1-SICI curves. MEP,
motor-evoked potential. C/U refers to conditioned MEP/unconditioned MEP.
Greater C/U ratio indicates less SICI and disinhibition.

this method, we observed no differences between SICI;et and
SICl,ctive in healthy individuals. This is a novel finding suggesting
that maximal SICI is similar whether induced at rest or during
motor activity. We acknowledge that most other studies use the
same absolute S1 intensity during both rest and active muscle
contraction and, consistent with Ortu et al. (46), report reduced
SICl,ctive compared with SICILest. Due to this methodological
difference, it is not possible to directly compare modulation
of SICI across tasks between ours and other studies. However,
we posit that our experimental approach maximally engages
GABAergic inhibitory circuits in each condition, revealing
reduced SICI,ive in the IH even in the hyper-chronic stage post-
stroke. Because only one SI intensity was tested in each task it
remains unclear whether a horizontal or vertical shift in the U-
curve caused the reduction in IH SICI,cive post-stroke; further
studies are needed to answer this question. Regardless, our data
contrast with the literature suggesting that SICI normalizes as
part of the natural history of motor recovery. Deficits in the
function of inhibitory circuits remain in chronic stroke and likely
affect task-dependent regulation of motor circuits during active
task performance.

Clinical Implications

Observation in animal models that blockage of extrasynaptic
GABA, receptors is related to increased cortical plasticity and
functional recovery acutely following stroke (11) contributes to
expectation that a similar reduction in GABAergic inhibition
is critical to motor recovery in the early phase post-stroke in
humans (7-10). As a result current views on stroke rehabilitation
emphasize means to increase IH cortical excitability (i.e., NIBS,
intensive paretic limb rehabilitation, etc.) in both acute and
chronic stroke survivors (16-19). Effects of these rehabilitative
interventions are, however, limited. Furthermore, only a sub-set
of stroke survivors are able to benefit (21, 22).

Our findings implicate an important role for GABAergic
intracortical inhibition in motor recovery, at least in the
chronic phase post-stroke, and may explain why therapeutically
increasing IH cortical excitability regardless of individual’s
baseline neurophysiological state does not always contribute to
a beneficial functional outcome. Demonstration of a relationship
between net cortical excitability and strength (83, 84) contributes
to the ostensible premise that increased IH cortical excitability
may be related to strength improvement following stroke (85,
86). However, performance of dexterous motor tasks requires
activity of intracortical inhibitory circuits to gate, or shape,
motor excitability in response to task demands. As a result,
increased cortical excitability alone cannot be expected to
improve dexterous motor function.

Despite findings in the extant literature (2-6, 13, 14), the
importance of intracortical inhibitory circuits to motor recovery
post-stroke remains under-appreciated in neurorehabilitation.
This oversight is possibly due to the belief that SICI is normalized
during the natural course of stroke recovery and therefore is
not associated with motor function in chronic stroke survivors.
Our results suggest that inconsistencies in the current SICI
literature in stroke survivors likely result from insensitivity of
SIClI,est, and furthermore that SICI,ciyve is more sensitive for
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revealing motor impairment post-stroke. By measuring maximal
SICI during motor activities, our results reveal that activity of
GABAergic brain circuits is not normalized, even in the hyper-
chronic phase following stroke. Moreover, reduced GABAergic
activity (e.g., disinhibition) in stroke survivors negatively impacts
motor function. Inhibitory circuit function may therefore serve
as a physiological biomarker of unfulfilled motor recovery in the
chronic phase post-stroke.

Limitations

We acknowledge limitations of the present study. Stimulations
were delivered manually during B&B, at the point of maximum
finger-thumb aperture during grasp preparation. In future work,
an instrumented device to trigger stimulations in conjunction
with a movement event could improve experimental consistency.
While muscle fatigue may influence SICI (87, 88), tasks were
tested in randomized order, therefore differences across tasks
observed here are unlikely to result from fatigue. The sample size
in this study is relatively small, but this limitation is mitigated
somewhat by normal distribution of data and large effect sizes.
We recommend future studies involve a larger number of stroke
survivors in various phases of stroke recovery to confirm and
extend our findings.

Conclusion

In conclusion, this is the first study to measure SICIyctive
in stroke survivors. Although differences in SICl;est Were not
revealed between chronic stroke survivors and healthy controls,
IH SICl,tive was reduced post-stroke and IH SIClpgp was

REFERENCES

1. Schneider C, Devanne H, Lavoie BA, Capaday C. Neural mechanisms involved
in the functional linking of motor cortical points. Exp Brain Res. (2002)
146:86-94. doi: 10.1007/500221-002-1137-2

2. Sohn YH, Wiltz K, Hallett M. Effect of volitional inhibition on

cortical inhibitory mechanisms. ] Neurophysiol. (2002) 88:333-8.
doi: 10.1152/jn.2002.88.1.333
3. Stinear CM, Byblow WD. Role of intracortical inhibition in

selective hand muscle activation. | Neurophysiol. (2003) 89:2014-20.
doi: 10.1152/jn.00925.2002

4. Zoghi M, Pearce SL, Nordstrom MA. Differential modulation of intracortical
inhibition in human motor cortex during selective activation of an intrinsic
hand muscle. J Physiol. (2003) 550:933-46. doi: 10.1113/jphysiol.2003.042606

5. Rosenkranz K, Rothwell JC. The effect of sensory input and attention
on the sensorimotor organization of the hand area of the human
motor cortex. J Physiol. (2004) 561:307-20. doi: 10.1113/jphysiol.2004.0
69328

6. Tazoe T, Perez MA. Cortical and reticular contributions to human precision
and power grip. ] Physiol Lond. (2017) 595:2715-30. doi: 10.1113/JP273679

7. Liepert ], Storch P, Fritsch A, Weiller C. Motor cortex
disinhibition in acute stroke. Clin Neurophysiol. (2000) 111:671-6.
doi: 10.1016/S1388-2457(99)00312-0

8. Swayne OB, Rothwell JC, Ward NS, Greenwood RJ. Stages of motor
output reorganization after hemispheric stroke suggested by longitudinal
studies of cortical physiology. Cereb Cortex (2008) 18:1909-22.
doi: 10.1093/cercor/bhm218

9. Bashir S, Mizrahi I, Weaver K, Fregni F, Pascual-Leone A. Assessment
and modulation of neural plasticity in rehabilitation with transcranial

significantly associated with paretic arm motor function. Taken
together, our results suggest that the functionality of GABAergic
inhibitory networks remains altered, even in the chronic phase
post-stroke, and may impede execution of dexterous motor
tasks.

DATA AVAILABILITY STATEMENT

The datasets generated and analyzed for this study are available
by request from the corresponding author.

AUTHOR CONTRIBUTIONS

CP and WT designed the experiment. SK, QD, and CP
conducted the experiments. QD and SK reduced and analyzed
data. QD, CP, and WT interpreted the data. QD, CP, WT, and SK
wrote the manuscript.

FUNDING

VA Rehabilitation Research & Development—Research Career
Scientist Award (F7823S, Patten), VA Brain Rehabilitation
Research Center of Excellence (B6793C). University of Florida
Graduate School Fellowships (QD, SK).

ACKNOWLEDGMENTS

We thank Emily Maltby, Anjanie Pandey for assisting with data
collection.

magnetic stimulation. PM R (2010) 2:5253-268. doi: 10.1016/j.pmrj.2010.
10.015

Huynh W, Vucic S, Krishnan AV, Lin CS, Hornberger M, Kiernan
MC. Longitudinal plasticity across the neural axis in acute stroke.
Neurorehabil Neural Repair. (2013) 27:219-29. doi: 10.1177/15459683124
62071

. Clarkson AN, Huang BS, Macisaac SE, Mody I, Carmichael ST. Reducing
excessive GABA-mediated tonic inhibition promotes functional recovery after
stroke. Nature (2010) 468:305-9. doi: 10.1038/nature09511

Imbrosci B, Mittmann T. Functional consequences of the disturbances in the
GABA-mediated inhibition induced by injuries in the cerebral cortex. Neural
Plast. (2011) 2011:614329. doi: 10.1155/2011/614329

Liepert J. Motor cortex excitability in stroke before and after constraint-
induced movement therapy. Cogn Behav Neurol. (2006) 19:41-7.
doi: 10.1097/00146965-200603000-00005

Marconi B, Filippi GM, Koch G, Giacobbe V, Pecchioli C, Versace V, et al.
Long-term effects on cortical excitability and motor recovery induced by
repeated muscle vibration in chronic stroke patients. Neurorehabil Neural
Repair. (2011) 25:48-60. doi: 10.1177/1545968310376757
Mcdonnell MN, CM. TMS measures
function after stroke: a meta-analysis. Brain Stimul. (2017) 10:721-34.
doi: 10.1016/j.brs.2017.03.008

Nowak DA, Grefkes C, Ameli M, Fink GR. Interhemispheric competition
after stroke: brain stimulation to enhance recovery of function of
the affected hand. Neurorehabil Neural Repair. (2009) 23:641-56.
doi: 10.1177/1545968309336661

Corti M, Patten C, Triggs W. Repetitive transcranial magnetic stimulation of
motor cortex after stroke: a focused review. Am J Phys Med Rehabil. (2012)
91:254-70. doi: 10.1097/PHM.0b013e318228bf0c

Stinear of motor cortex

Frontiers in Neurology | www.frontiersin.org

11

January 2019 | Volume 9 | Article 1105


https://doi.org/10.1007/s00221-002-1137-2
https://doi.org/10.1152/jn.2002.88.1.333
https://doi.org/10.1152/jn.00925.2002
https://doi.org/10.1113/jphysiol.2003.042606
https://doi.org/10.1113/jphysiol.2004.069328
https://doi.org/10.1113/JP273679
https://doi.org/10.1016/S1388-2457(99)00312-0
https://doi.org/10.1093/cercor/bhm218
https://doi.org/10.1016/j.pmrj.2010.10.015
https://doi.org/10.1177/1545968312462071
https://doi.org/10.1038/nature09511
https://doi.org/10.1155/2011/614329
https://doi.org/10.1097/00146965-200603000-00005
https://doi.org/10.1177/1545968310376757
https://doi.org/10.1016/j.brs.2017.03.008
https://doi.org/10.1177/1545968309336661
https://doi.org/10.1097/PHM.0b013e318228bf0c
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Ding et al.

Cortical Disinhibition During Movement Post-stroke

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Takeuchi N, Izumi S. Noninvasive brain stimulation for motor recovery after
stroke: mechanisms and future views. Stroke Res Treat. (2012) 2012:584727.
doi: 10.1155/2012/584727

Cunningham DA, Potter-Baker KA, Knutson JS, Sankarasubramanian V,
Machado AG, Plow EB. Tailoring brain stimulation to the nature of
rehabilitative therapies in stroke: a conceptual framework based on their
unique mechanisms of recovery. Phys Med Rehabil Clin N Am. (2015) 26:759-
74. doi: 10.1016/j.pmr.2015.07.001

Dodd KC, Nair VA, Prabhakaran V. Role of the Contralesional vs. Ipsilesional
Hemisphere in Stroke Recovery. Front Hum Neurosci. (2017) 11:469.
doi: 10.3389/fnhum.2017.00469

Hao Z, Wang D, Zeng Y, Liu M. Repetitive transcranial magnetic
stimulation for improving function after stroke. Cochrane Database Syst Rev.
(2013) CD008862. doi: 10.1002/14651858.CD008862.pub2

Klomjai W, Lackmy-Vallee A, Roche N, Pradat-Diehl P, Marchand-Pauvert V,
Katz R. Repetitive transcranial magnetic stimulation and transcranial direct
current stimulation in motor rehabilitation after stroke: an update. Ann Phys
Rehabil Med. (2015) 58:220-4. doi: 10.1016/j.rehab.2015.05.006

Kujirai T, Caramia M, Rothwell JC, Day B, Thompson P, Ferbert A, et al.
Corticocortical inhibition in human motor cortex. J Physiol. (1993) 471:501-
19. doi: 10.1113/jphysiol.1993.sp019912

Ziemann U, Lonnecker S, Steinhoff BJ, Paulus W. Effects of antiepileptic drugs
on motor cortex excitability in humans: a transcranial magnetic stimulation
study. Ann Neurol. (1996a) 40:367-78. doi: 10.1002/ana.410400306

Ziemann U, Rothwell JC, Ridding MC. Interaction between intracortical
inhibition and facilitation in human motor cortex. J Physiol Lond. (1996)
496:873-81. doi: 10.1113/jphysiol.1996.sp021734

Manganotti P, Acler M, Zanette GP, Smania N, Fiaschi A. Motor cortical
disinhibition during early and late recovery after stroke. Neurorehabil Neural
Repair. (2008) 22:396-403. doi: 10.1177/1545968307313505

Wittenberg GE Bastings EP, Fowlkes AM, Morgan TM, Good DC, Pons TP.
Dynamic course of intracortical TMS paired-pulse responses during recovery
of motor function after stroke. Neurorehabil Neural Repair. (2007) 21:568-73.
doi: 10.1177/1545968307302438

Honaga K, Fujiwara T, Tsuji T, Hase K, Ushiba ], Liu M. State of
intracortical inhibitory interneuron activity in patients with chronic stroke.
Clin Neurophysiol. (2013) 124:364-70. doi: 10.1016/j.clinph.2012.08.005
Andrade KN, Conforto AB. Decreased
intracortical inhibition correlates with better pinch strength in patients
with stroke and good motor recovery. Brain Stimul. (2018) 11:772-4.
doi: 10.1016/j.brs.2018.01.030

Shimizu T, Hosaki A, Hino T, Sato M, Komori T, Hirai S, et al. Motor cortical
disinhibition in the unaffected hemisphere after unilateral cortical stroke.
Brain (2002) 125:1896-907. doi: 10.1093/brain/awf183

Hummel FC, Steven B, Hoppe ], Heise K, Thomalla G, Cohen LG,
et al. Deficient intracortical inhibition (SICI) during movement
preparation after chronic stroke. Neurology (2009) 72:1766-72.
doi: 10.1212/WNL.0b013e3181a609c5

Liuzzi G, Hornif V, Lechner P, Hoppe J, Heise K, Zimerman M,
et al. Development of movement-related intracortical inhibition in
acute to chronic subcortical stroke. Neurology (2014) 82:198-205.
doi: 10.1212/WNL.0000000000000028

Nielsen JF. Improvement of amplitude variability of motor evoked potentials
in multiple sclerosis patients and in healthy subjects. Electroencephalogr Clin
Neurophysiol. (1996) 101:404-11. doi: 10.1016/0924-980X(96)96541-8
Mathiowetz V, Volland G, Kashman N, Weber K. Adult norms for the Box
and Block Test of manual dexterity. Am J Occup Ther. (1985) 39:386-91.
doi: 10.5014/aj0t.39.6.386

Rossi S, Hallett M, Rossini PM, Pascual-Leone A, Group SOTC. Safety,
ethical considerations, and application guidelines for the use of transcranial
magnetic stimulation in clinical practice and research. Clin Neurophysiol.
(2009) 120:2008-39. doi: 10.1016/j.clinph.2009.08.016

Fugl-Meyer AR, Jaasko L, Leyman I, Olsson S, Steglind S. The post-stroke
hemiplegic patient. 1. a method for evaluation of physical performance. Scand
] Rehabil Med. (1975) 7:13-31.

Bohannon RW, Smith MB. Interrater reliability of a modified Ashworth scale
of muscle spasticity. Phys Ther. (1987) 67:206-7. doi: 10.1093/ptj/67.2.206

Ferreiro De short-interval

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Oldfield RC. The
the  Edinburgh inventory.
doi: 10.1016/0028-3932(71)90067-4
Rossetti HC, Lacritz LH, Cullum CM, Weiner MF. Normative data for
the Montreal Cognitive Assessment (MoCA) in a population-based sample.
Neurology (2011) 77:1272-5. doi: 10.1212/WNL.0b013e318230208a

Fess EE. Grip Strength. Chicago, IL: American Society of Hand Therapists
(1992).

Hermens H]J, Freriks B, Disselhorst-Klug C, Rau G. Development of
recommendations for SEMG sensors and sensor placement procedures. |
Electromyogr Kinesiol. (2000) 10:361-74. doi: 10.1016/S1050-6411(00)00027-4
Chen R, Tam A, Biitefisch C, Corwell B, Ziemann U, Rothwell JC, et al.
Intracortical representations
of the human motor cortex. (1998) 80:2870-81.
doi: 10.1152/jn.1998.80.6.2870

Hasegawa Y, Kasai T, Tsuji T, Yahagi S. Further insight into the task-dependent
excitability of motor evoked potentials in first dorsal interosseous muscle in
humans. Exp Brain Res. (2001) 140:387-96. doi: 10.1007/s002210100842

Du X, Summerfelt A, Chiappelli ], Holcomb HH, Hong LE. Individualized
brain inhibition and excitation profile in response to paired-pulse TMS. ] Mot
Behayv. (2014) 46:39-48. doi: 10.1080/00222895.2013.850401

Abraha B, Chaves AR, Kelly LP, Wallack EM, Wadden KP, Mccarthy J, et al. A
bout of high intensity interval training lengthened nerve conduction latency
to the non-exercised affected limb in chronic stroke. Front Physiol. (2018)
9:827. doi: 10.3389/fphys.2018.00827

Ortu E, Deriu E, Suppa A, Tolu E, Rothwell JC. Effects of volitional contraction
on intracortical inhibition and facilitation in the human motor cortex. J
Physiol. (2008) 586:5147-59. doi: 10.1113/jphysiol.2008.158956

Peinemann A, Lehner C, Conrad B, Siebner HR. Age-related decrease in
paired-pulse intracortical inhibition in the human primary motor cortex.
Neurosci Lett. (2001) 313:33-6. doi: 10.1016/S0304-3940(01)02239-X
Marneweck M, Loftus A, Hammond G. Short-interval intracortical inhibition
and manual dexterity in healthy aging. Neurosci Res. (2011) 70:408-14.
doi: 10.1016/j.neures.2011.04.004

Ding Q, Patten C. External biomechanical constraints impair maximal
voluntary grip force stability post-stroke. Clin Biomech. (2018) 57:26-34.
doi: 10.1016/j.clinbiomech.2018.06.001

Haggard P, Wing A. Coordination of hand aperture with the
spatial path of hand transport. Exp Brain Res. (1998) 118:286-92.
doi: 10.1007/s002210050283

Coxon JP, Stinear CM, Byblow WD. Intracortical inhibition during
volitional inhibition of prepared action. ] Neurophysiol. (2006) 95:3371-83.
doi: 10.1152/jn.01334.2005

Ryan TA. Comments on orthogonal components. Psychol Bull. (1959) 56:394-
6. doi: 10.1037/h0041280

Wilcox RR. New designs in analysis of variance. Ann Rev Psychol. (1987)
38:29-60. doi: 10.1146/annurev.ps.38.020187.000333

Hsu JC. Multiple Comparisons : Theory and Methods. London: Chapman and
Hall (1996).

Howell DC. Statistical Methods for Psychology. Belmont, CA: Cengage
‘Wadsworth (2010).

Rosenthal R. Parametric measures of effect size. In: Cooper H, Hedges LV,
Valentine JC, editors. The Handbook of Research Synthesis. New York, NY:
Russell Sage Foundation (1994). p. 232-43.

Lin JH, Hsu M]J, Sheu CE Wu TS, Lin RT, Chen CH, et al. Psychometric
comparisons of 4 measures for assessing upper-extremity function in people
with stroke. Phys Ther. (2009) 89:840-50. doi: 10.2522/ptj.20080285
Thompson-Butel AG, Lin G, Shiner CT, Mcnulty PA. Comparison of
three tools to measure improvements in upper-limb function with
poststroke  therapy. Neurorehabil Neural Repair. (2015) 29:341-8.
doi: 10.1177/1545968314547766

Fujiwara T, Honaga K, Kawakami M, Nishimoto A, Abe K, Mizuno K, et al.
Modulation of cortical and spinal inhibition with functional recovery of upper
extremity motor function among patients with chronic stroke. Restor Neurol
Neurosci. (2015) 33:883-94. doi: 10.3233/RNN-150547

Roshan L, Paradiso GO, Chen R. Two phases of short-interval intracortical
inhibition. Exp Brain Res. (2003) 151:330-7. doi: 10.1007/s00221-003-1502-9

handedness:
9:97-113.

assessment and  analysis  of

Neuropsychologia ~ (1971)

inhibition and facilitation in different

] Neurophysiol.

Frontiers in Neurology | www.frontiersin.org

January 2019 | Volume 9 | Article 1105


https://doi.org/10.1155/2012/584727
https://doi.org/10.1016/j.pmr.2015.07.001
https://doi.org/10.3389/fnhum.2017.00469
https://doi.org/10.1002/14651858.CD008862.pub2
https://doi.org/10.1016/j.rehab.2015.05.006
https://doi.org/10.1113/jphysiol.1993.sp019912
https://doi.org/10.1002/ana.410400306
https://doi.org/10.1113/jphysiol.1996.sp021734
https://doi.org/10.1177/1545968307313505
https://doi.org/10.1177/1545968307302438
https://doi.org/10.1016/j.clinph.2012.08.005
https://doi.org/10.1016/j.brs.2018.01.030
https://doi.org/10.1093/brain/awf183
https://doi.org/10.1212/WNL.0b013e3181a609c5
https://doi.org/10.1212/WNL.0000000000000028
https://doi.org/10.1016/0924-980X(96)96541-8
https://doi.org/10.5014/ajot.39.6.386
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1093/ptj/67.2.206
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1212/WNL.0b013e318230208a
https://doi.org/10.1016/S1050-6411(00)00027-4
https://doi.org/10.1152/jn.1998.80.6.2870
https://doi.org/10.1007/s002210100842
https://doi.org/10.1080/00222895.2013.850401
https://doi.org/10.3389/fphys.2018.00827
https://doi.org/10.1113/jphysiol.2008.158956
https://doi.org/10.1016/S0304-3940(01)02239-X
https://doi.org/10.1016/j.neures.2011.04.004
https://doi.org/10.1016/j.clinbiomech.2018.06.001
https://doi.org/10.1007/s002210050283
https://doi.org/10.1152/jn.01334.2005
https://doi.org/10.1037/h0041280
https://doi.org/10.1146/annurev.ps.38.020187.000333
https://doi.org/10.2522/ptj.20080285
https://doi.org/10.1177/1545968314547766
https://doi.org/10.3233/RNN-150547
https://doi.org/10.1007/s00221-003-1502-9
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Ding et al.

Cortical Disinhibition During Movement Post-stroke

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Rosler KM, Magistris MR. The size of motor-evoked potentials: influencing
parameters and quantification. In Wassermann EM, Epstein CM, Ziemann
U, Walsh W, Paus T, and Lisanby SH, editors. The Oxford Handbook of
Transcranial Stimulation. Oxford: Oxford Uniersity Press (2008). p. 81-7.
Mars RB, Bestmann S, Rothwell JC, Haggard P. Effects of motor preparation
and spatial attention on corticospinal excitability in a delayed-response
paradigm. Exp Brain Res. (2007) 182:125-9. doi: 10.1007/s00221-007-
1055-4

Abbruzzese G, Assini A, Buccolieri A, Marchese R, Trompetto C. Changes
of intracortical inhibition during motor imagery in human subjects. Neurosci
Lett. (1999) 263:113-6. doi: 10.1016/S0304-3940(99)00120-2

Fadiga L, Buccino G, Craighero L, Fogassi L, Gallese V, Pavesi G.
Corticospinal excitability is specifically modulated by motor imagery:
a magnetic stimulation study. Neuropsychologia (1999) 37:147-58.
doi: 10.1016/50028-3932(98)00089-X

Facchini S, Muellbacher W, Battaglia F, Boroojerdi B, Hallett M. Focal
enhancement of motor cortex excitability during motor imagery: a
transcranial magnetic stimulation study. Acta Neurol Scand. (2002) 105:146—-
51. doi: 10.1034/j.1600-0404.2002.10004.x

Stinear CM, Byblow WD. Modulation of corticospinal excitability and
intracortical inhibition during motor imagery is task-dependent. Exp Brain
Res. (2004) 157:351-8. doi: 10.1007/s00221-004-1851-z

Fadiga L, Fogassi L, Pavesi G, Rizzolatti G. Motor facilitation during action
observation-a magnetic stimulation study. ] Neurophysiol. (1995) 73:2608-11.
doi: 10.1152/jn.1995.73.6.2608

Montagna M, Cerri G, Borroni P, Baldissera F. Excitability changes in
human corticospinal projections to muscles moving hand and fingers while
viewing a reaching and grasping action. Eur J Neurosci. (2005) 22:1513-20.
doi: 10.1111/j.1460-9568.2005.04336.x

Takahashi M, Kamibayashi K, Nakajima T, Akai M, Nakazawa K.
Changes in corticospinal excitability during observation of walking in
humans. Neuroreport (2008) 19:727-31. doi: 10.1097/WNR.0b013e3282f
dodc3

Blennerhassett JM, Carey LM, Matyas TA. Grip force regulation during
pinch grip lifts under somatosensory guidance: comparison between people
with stroke and healthy controls. Arch Phys Med Rehabil. (2006) 87:418-29.
doi: 10.1016/j.apmr.2005.11.018

Hanajima R, Furubayashi T, Iwata NK, Shiio Y, Okabe S, Kanazawa
I, et al. Further evidence to support different mechanisms underlying
intracortical inhibition of the motor cortex. Exp Brain Res. (2003) 151:427-34.
doi: 10.1007/500221-003-1455-z

Di Lazzaro V, Restuccia D, Oliviero A, Profice P, Ferrara L, Insola A, et al.
Effects of voluntary contraction on descending volleys evoked by transcranial
stimulation in conscious humans. J Physiol. (1998) 508:625-33.

Nakamura H, Kitagawa H, Kawaguchi Y, Tsuji H. Intracortical facilitation
and inhibition after transcranial magnetic stimulation in conscious
humans. ] Physiol. (1997) 498:817-23. doi: 10.1113/jphysiol.1997.sp0
21905

Di Lazzaro V, Restuccia D, Oliviero A, Profice P, Ferrara L, Insola A, et al.
Magnetic transcranial stimulation at intensities below active motor threshold
activates intracortical inhibitory circuits. Exp Brain Res. (1998) 119:265-8.
doi: 10.1007/5002210050341

Hermsdorfer J, Hagl E, Nowak DA, Marquardt C. Grip force control during
object manipulation in cerebral stroke. Clin Neurophysiol. (2003) 114:915-29.
doi: 10.1016/S1388-2457(03)00042-7

Hiramatsu Y, Kimura D, Kadota K, Ito T, Kinoshita H. Control of precision
grip force in lifting and holding of low-mass objects. PLoS ONE (2015)
10:e0138506. doi: 10.1371/journal.pone.0138506

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Ridding M, Taylor JL, Rothwell J. The effect of voluntary contraction on
cortico-cortical inhibition in human motor cortex. J Physiol. (1995) 487:541-
8. doi: 10.1113/jphysiol.1995.sp020898

Reynolds C, Ashby P. Inhibition in the human motor cortex is reduced
just before a voluntary contraction. Neurology (1999) 53:730-730.
doi: 10.1212/WNL.53.4.730

Zoghi M, Nordstrom MA. Progressive suppression of intracortical
inhibition during graded isometric contraction of a hand muscle is
not influenced by hand preference. Exp Brain Res. (2007) 177:266-74.
doi: 10.1007/500221-006-0669-2

Schafer M, Biesecker JC, Schulze-Bonhage A, Ferbert A. Transcranial
magnetic double stimulation: influence of the intensity of the conditioning
stimulus.  Electroencephalogr ~ Clin ~ Neurophysiol.  (1997)  105:462-9.
doi: 10.1016/50924-980X(97)00054-4

Peurala SH, Muller-Dahlhaus JE Arai N, Ziemann U. Interference
of short-interval intracortical inhibition (SICI) and short-interval
intracortical facilitation (SICF). Clin Neurophysiol. (2008) 119:2291-7.
doi: 10.1016/j.clinph.2008.05.031

Fisher R, Nakamura Y, Bestmann S, Rothwell J, Bostock H. Two phases
of intracortical inhibition revealed by transcranial magnetic threshold
tracking. Exp Brain Res. (2002) 143:240-8. doi: 10.1007/s00221-001-
0988-2

Griffin L, Cafarelli E. Transcranial magnetic stimulation during resistance
training of the tibialis anterior muscle. J Electromyogr Kinesiol. (2007) 17:446-
52. doi: 10.1016/j.jelekin.2006.05.001

Carroll TJ, Selvanayagam VS, Riek S, Semmler JG. Neural
adaptations to strength training: moving beyond transcranial magnetic
stimulation and reflex studies. Acta Physiol. (2011) 202:119-40.
doi: 10.1111/j.1748-1716.2011.02271.x

Khedr EM, Etraby AE, Hemeda M, Nasef AM, Razek AA. Long-term
effect of repetitive transcranial magnetic stimulation on motor function
recovery after acute ischemic stroke. Acta Neurol Scand. (2010) 121:30-7.
doi: 10.1111/j.1600-0404.2009.01195.x

Tanaka S, Takeda K, Otaka Y, Kita K, Osu R, Honda M, et al
Single session of transcranial direct current stimulation transiently
increases knee extensor force in patients with hemiparetic stroke.
Neurorehabil Neural Repair. (2011) 25:565-9. doi: 10.1177/15459683114
02091

Takahashi K, Maruyama A, Maeda M, Etoh S, Hirakoba K, Kawahira K,
et al. Unilateral grip fatigue reduces short interval intracortical inhibition
in ipsilateral primary motor cortex. Clin Neurophysiol. (2009) 120:198-203.
doi: 10.1016/j.clinph.2008.10.003

Hinder MR, Schmidt MW, Garry MI, Carroll TJ, Summers JJ. Absence
of cross-limb transfer of performance gains following ballistic motor
practice in older adults. J Appl Physiol (1985) (2011) 110:166-75.
doi: 10.1152/japplphysiol.00958.2010

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Ding, Triggs, Kamath and Patten. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neurology | www.frontiersin.org

13

January 2019 | Volume 9 | Article 1105


https://doi.org/10.1007/s00221-007-1055-4
https://doi.org/10.1016/S0304-3940(99)00120-2
https://doi.org/10.1016/S0028-3932(98)00089-X
https://doi.org/10.1034/j.1600-0404.2002.1o004.x
https://doi.org/10.1007/s00221-004-1851-z
https://doi.org/10.1152/jn.1995.73.6.2608
https://doi.org/10.1111/j.1460-9568.2005.04336.x
https://doi.org/10.1097/WNR.0b013e3282fd0dc3
https://doi.org/10.1016/j.apmr.2005.11.018
https://doi.org/10.1007/s00221-003-1455-z
https://doi.org/10.1113/jphysiol.1997.sp021905
https://doi.org/10.1007/s002210050341
https://doi.org/10.1016/S1388-2457(03)00042-7
https://doi.org/10.1371/journal.pone.0138506
https://doi.org/10.1113/jphysiol.1995.sp020898
https://doi.org/10.1212/WNL.53.4.730
https://doi.org/10.1007/s00221-006-0669-2
https://doi.org/10.1016/S0924-980X(97)00054-4
https://doi.org/10.1016/j.clinph.2008.05.031
https://doi.org/10.1007/s00221-001-0988-2
https://doi.org/10.1016/j.jelekin.2006.05.001
https://doi.org/10.1111/j.1748-1716.2011.02271.x
https://doi.org/10.1111/j.1600-0404.2009.01195.x
https://doi.org/10.1177/1545968311402091
https://doi.org/10.1016/j.clinph.2008.10.003
https://doi.org/10.1152/japplphysiol.00958.2010
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Short Intracortical Inhibition During Voluntary Movement Reveals Persistent Impairment Post-stroke
	Introduction
	Methods
	Subjects
	Clinical Assessments
	Force Measurements
	EMG Recordings
	Transcranial Magnetic Stimulation (TMS)
	Task-Dependent SICI
	Experimental Procedures
	Data Analysis
	Data Reduction
	Statistical Analysis


	Results
	SICI by Hemisphere
	SICI by Lesion Location
	Relationship Between Motor Performance and SICI

	Discussion
	SICI Measured at Rest
	IH SICIrest Appears to be Normalized in Chronic Stroke
	Confounding Influences on SICI, Measured at Rest

	SICI During Motor Activity
	Lesion Location
	Motor Function
	Relative contraction level
	Effects of motor impairment


	SICI Across Tasks With Adjusted Conditioning Stimulus
	Clinical Implications
	Limitations
	Conclusion

	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


