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Abstract

The integrity of the corticospinal system is an important biomarker for recovery from stroke. 

However, mapping the topography of the corticospinal system in subacute stroke is not trivial and 

how it changes over the course of recovery is poorly understood. We intend to use a transcranial 

magnetic stimulation (TMS) based mapping approach to quantify the topographic landscape of 

corticospinal activation in the ipsi- and contralesional sensorimotor cortices in the subacute and 

chronic phase of stroke. Mapping was conducted before (PRE) and after (POST), intervention in 

10 chronic subjects and 8 subacute subjects. Reorganization was quantified in a unique way by 

dissociating reorganization attributed to changes in the expanse (area) of the sensorimotor 

territory, from that attributed to changes in the robustness of the activation (amplitude). In doing 

so, we observed differences in reorganization in the subacute and chronic stages indicating that 

recovery in different stages may not be guided by similar neurophysiological mechanisms of 

neuroplasticity.
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I. Introduction

Physical disability after stroke is overwhelming and highly prevalent worldwide. According 

to the World Health Organization, 15 million people have a stroke each year, leaving 5 

million survivors permanently disabled. The Centers for Disease Control & Prevention 

estimate that > 5.3 million Americans currently require long-term or lifelong aid for 

activities of daily living as a result of the stroke. Animal models of neural pathology and 

recovery have identified key biomarkers that are amenable to intervention. However, this is 

relatively poorly understood in humans, especially in the acute and subacute periods after 

stroke.
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Transcranial magnetic stimulation (TMS) induced motor evoked potentials (MEP) are an 

established proxy of corticospinal excitability. Studies analyzing MEP amplitude as a 

univariate measure unequivocally show that the presence and magnitude of MEPs is a robust 

prognostic of long-term recovery in stroke [1, 2]. However, analogous to other imaging 

modalities, intensity of activation at a single spatial locus reveals only part of the story. The 

distribution or pattern of activation across a region is equally important. Recently in this 

vein, MEPs have been acquired in a gridded patch over the sensorimotor cortex such that the 

two-dimensional position of the coil over the scalp can be used to generate a multivariate 

excitability map, akin to that found in fMRI analyses. Of the searched stroke literature, three 

studies have used TMS based mapping in chronic stroke patients to quantify the recovery of 

the corticospinal system [3–5]; all noting an increase in the peak MEP and area of MEPs 

representing the hand in the ipsilesional sensorimotor cortex. A fourth study acquiring TMS 

based maps 4–12 days post sub-cortical stroke and one month thereafter had a similar result 

in the ipsilesional hemisphere, and also assayed the contralesional hemisphere finding that 

increased excitability in the acute stage after stroke has a negative association with recovery 

of the impaired hand [6]. Therefore, although TMS mapping is a promising biomarker of 

corticospinal integrity and recovery, there remains a dearth of literature on the topic and no 

single controlled study comparing the trajectory of neural recovery in both subacute and 

chronic patients. Therefore, the overarching goal of this project was to longitudinally 

quantify unique patterns of neural reorganization in relation to the stage post-stroke, setting 

a foundation for empirically-grounded intervention studies. We used a novel approach to 

map the corticospinal system, and demonstrate in our pilot data that intervention-induced 

reorganization of cortical topography occurs in a fundamentally different manner, depending 

on whether it is administered in the subacute versus the chronic phase after stroke.

II. Setup and Procedures

A. Subjects

Stroke subjects between the ages of 30–80 were recruited from regional medical centers, 

university hospitals, and support groups. Ten subjects in the chronic group were at least 6 

months after a first time stroke; six subjects in the subacute group were recruited between 5 

and 21 days after a first time stroke. All subjects were required to have at least 15° of active 

finger motion (moderately impaired movement), spasticity of <3 on the Modified Ashworth 

Spasticity Scale, normal or corrected-to-normal vision, be free of language, visuospatial or 

cognitive deficits, and not clinically depressed at the time of recruitment. Patients with 

stroke due to trauma were excluded due to diffuse nature of brain injury. Chronic subjects 

were excluded if receiving any form of therapy. Handedness was recorded [7] but was not 

used as an exclusion criteria. Prior to training subjects were tested on the upper extremity 

portion of the Fugl-Meyer Assessment (FM) [8].

B. Training Protocol

All subjects in the chronic group received intensive upper extremity training for 2 – 2.5 

hours/day for 5 days/week for two weeks (see [9],[10] for details). All subacute subjects 

received 60 minutes/day of upper extremity training of matched intensity for 5 days/week 
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for two weeks. This training was in addition to on-going usual care, comprised of in/

outpatient physical, occupational and speech therapy.

C. TMS Mapping

Subjects were tested one day before the therapy onset and one day after the end of the 

therapy. Subjects were seated with their arm, hand, and fingers comfortably secured in a 

brace to limit motion. To assure spatial TMS precision, each subject’s high-resolution 

anatomical MRI was used to render a 3D cortical surface that is co-registered with the 

subject’s head for frameless neuronavigation (Advanced Neuro Technology). Transcranial 

Magnetic Stimulation (TMS) (Magstim Rapid2, 70mm double coil) was used to determine 

the hotspot for the contralateral first dorsal interosseus muscle [FDI]. The TMS coil was 

held tangential to the scalp with the handle posterior 45° off the sagittal plane [11]. 

Following determination of the FDI hotspot resting motor threshold (RMT) was calculated 

as the minimum intensity required to elicit MEPs >50µV in the FDI muscle on 50% of 6 

consecutive trials [12]. Surface electromyographic activity (EMG, Delsys Trigno, 2 kHz) 

was recorded from the FDI muscles of the limb contralateral to stimulation side.

Mapping was conducted on the lesioned hemisphere of the chronic and subacute group as 

well as contralesional hemisphere of the subacute group. All mapping was performed with 

the subject at rest and stimulation intensity set to 110% of the determined RMT [13]. A 

10×10cm area surrounding the motor hotspot was marked using the neuronavigation 

software to provide consistent map boundaries. TMS pulses were delivered within the 

bounds with special attention paid to regions surrounding the hotspot territory. Real time 

visual feedback of the MEP time traces and neuronavigated coil position provided to the 

experimenter during testing maximized the map information obtained by allowing for 

increased density of points in excitable and border regions, with less attention given to far-

away non-responsive areas [14].

III. Data Analysis

For each stimulation point we computed the following measures: (i) MEP as the peak-to-

peak amplitude of the EMG signal 20–50ms after the TMS pulse, and (ii) background EMG, 

calculated as the EMG signal in the 50ms interval before the TMS pulse (2nd order 

Butterworth filter, 5–250 Hz band-pass, full-wave rectified, 20Hz low-pass envelope). A 

threshold of 50uV was used to identify MEPs from background EMG [13]. To allow 

comparisons across maps and sessions, MEP amplitudes and stimulation points were 

interpolated to a 10×10 cm mesh of 5 mm resolution centered on the M1 hotspot, using 

cubic surface interpolation [15, 16]. Outcome measures include mean amplitude of active 

MEPs [5, 13] and map area, determined using double trapezoidal integration of the 

interpolated maps (see Figure 1). FM scores were compared between chronic and subacute 

subjects using an independent samples t-test.

IV. Results

Sixteen individuals with stroke (subacute: n=8, FM=43.8±13.1; chronic: n=8, FM=49.3±8.2) 

participated after providing consent approved by Rutgers University, NJIT and St. Joseph’s 
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Hospital IRBs. We were unable to elicit MEPs from the ipsilesional hemisphere of 3 of the 8 

subacute subjects, and their data were excluded from analysis. There was no significant 

difference between groups on upper limb FM score prior to training (p=.38). Figure 2 

illustrates in a representative subacute stroke subject that the ipsilesional sensorimotor 

territory representing the affected FDI muscle increased dramatically immediately after of 

the intervention. The territory on the contralesional side representing the less affected limb 

also increased after the intervention. Conversely the chronic subject had little area change 

and a decrease in the amplitude of activation on the ipsilesional hemisphere. Figure 3 

illustrates the group means for map amplitude and area. A 2×2 mixed model ANOVA on 

mean amplitude revealed no significant effect of intervention (PRE,POST F(1,11)=.562, p=.

469) or group (Subacute, Chronic F(1,11)=1.893, p=.196) and trend level significance of 

intervention-group interaction (F(1,11)=3.201, p=.100). Identical statistical testing on map 

area revealed no significance for intervention (F(1,11)=1.949, p=.190), group F(1,11)=.294, 

p=.599), or intervention-group interaction F(1,11)=.398, p=.541).

V. Discussion

These data suggest that in the days following stroke, recovery may be associated with an 

expansion of the corticospinal network (area) and strengthening of corticospinal synaptic 

weights (amplitude). Conversely, cortical changes in the chronic phase of stroke seem to 

entail a possible re-weighting of synaptic connections as new corticospinal synergies 

develop, leading to a downsizing of the MEP map amplitude even though the footprint of 

the activated territory remains largely preserved. Though only marginal significance was 

found, these data present preliminary evidence for the presence of different mechanisms of 

cortical reorganization with intervention in the subacute and chronic phases of stroke 

recovery. This result is consistent with current theory that functional improvements in 

chronic phase of stroke may be more indicative of compensations than recovery due to 

decreased capacity for reorganization [17]. Discriminating spontaneous recovery and 

recovery due to intervention in the subacute group is not possible in the current data set, and 

will be the subject of future investigation.
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Figure 1. 
A graphical depiction of the analysis of MEP maps showing calculation of: (A) MEP signal 

and peak-to-peak amplitude; (B) neuronavigation data; (C) a stem plot of MEP amplitudes at 

each stimulation site; (D) cubic interpolation of MEP maps (5mm mesh); (E) creation of a 

contour surface map.
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Figure 2. Single Subject Data
MEP maps for the first dorsal interosseous (FDI) muscle in a representative subacute stroke 

subject (ipsilesional hemisphere (left), contralesional hemisphere (middle)) and chronic 

subject (ipsilesional hemisphere (right), acquired PRE (top row), and post (bottom row) 

intervention. X, Y axes represent medial-lateral and anterior-posterior directions, 

respectively. MEP amplitude is presented in microvolts (uV) on the Z axis. Ipsilesional 

changes in the subacute subject are characterized by increased amplitude and area, while 

chronic subject map shows decreased amplitude over a similar area.

Yarossi et al. Page 7

Conf Proc IEEE Eng Med Biol Soc. Author manuscript; available in PMC 2016 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Group Mean Data
MEP map assessments in terms of map mean amplitude (top) and area (bottom). Note the 

different patterns of change between hemispheres and groups. Only the ipsilesional 

hemisphere of the subacute group changes in both amplitude and area.
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