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Abstract
Stroke induces bilateral neurological impairment and muscle weakness yielding neurologically more (MA; paretic) and less 
affected (LA; non-paretic) sides. “Cross-education” refers to training one side of the body to increase strength in the same 
muscles on the untrained side. Past work showed dorsiflexion training of the LA side produced bilateral strength increases 
after stroke. The current study explored the presence and extent of cross-education after arm strength training in chronic 
stroke. Twenty-four chronic stroke participants completed 5 weeks of maximal wrist extension training using their LA arm. 
Maximal voluntary contraction force, arm motor impairment and functional performance were measured before and after 
training. Both spinal cord plasticity (n = 12: reciprocal inhibition and cutaneous reflexes, University of Victoria) and cortical 
plasticity (n = 12: cortical silent period, short-interval intracortical inhibition, intracortical facilitation and transcallosal inhibi-
tion, University of British Columbia) were assessed. Five weeks after training, 20 participants completed a follow-up maximal 
wrist extension retention test. LA wrist extension force increased 42% and MA by 35%. Strength gains were maintained in 
the follow-up test. Clinically meaningful increases in Fugl-Meyer scores were noted in four participants. Muscle activation 
was correlated with cutaneous reflex amplitudes after training in the MA arm. LA cortical silent period and transcallosal 
inhibition from both hemispheres significantly decreased after training. This study shows that high-intensity training with the 
neurologically less affected “non-paretic” arm can improve strength bilaterally and alter both spinal and cortical plasticity. 
The extent to which this plasticity can be enhanced or functionally exploited remains to be examined.
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Introduction

Stroke-induced neural damage leads to loss of inputs to 
motor neurons on the contralesional side as well as altered 
intra-cortical communication. Strength and sensorimo-
tor functions are impaired bilaterally and asymmetrically 
which present as paretic, neurologically more affected (MA) 
side and non-paretic, less affected (LA) side (Zehr 2011). 
The benefits of post-stroke strength training have been well 
recognized (Ada et al. 2006). Patten et al. completed a sys-
tematic review emphasizing strength training after stroke 
is useful and does not exacerbate spasticity, or reduce joint 
range of motion (Patten et al. 2004). However, directly train-
ing the MA side is often extremely difficult for those with 
severe muscle weakness or limited joint range of motion.

Training one side of the body to increase strength in the 
same muscles on the untrained sides (“cross-education”) was 
first reported in (Scripture et al. 1894) and can occur in both 
arm and leg muscles of neurologically intact participants 
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(Yue and Cole 1992; Dragert and Zehr 2011; Hortobagy 
et al. 1997). According to the “restoring symmetry hypoth-
esis”, Farthing and Zehr proposed that cross-education 
training, an asymmetrical intervention, should be applied 
to offset asymmetrical neuromuscular deficits after stroke 
(Farthing and Zehr 2014).

After stroke, cross-education training with the LA leg can 
facilitate dorsiflexion strength gains on the MA side. Sig-
nificantly improved voluntary strength (~ 30%) and tibialis 
anterior muscle activation in the MA ankle with improved 
walking ability after 6 weeks of dorsiflexion training using 
the LA side (Dragert and Zehr 2013). In addition, Urbin 
et al. found 16 sessions of wrist extension training on the 
LA side increased active wrist range of motion on the MA 
side and altered corticospinal plasticity (Urbin et al. 2015).

Studies clearly indicate that unilateral training affects 
neural pathways bilaterally at both spinal and cortical level 
(Dragert and Zehr 2011, 2013; Hortobagyi et  al. 2011; 
Latella et al. 2012; Lee and Carroll 2007). Altered excit-
ability in spinal pathways that project to the contralateral 
side has been assessed by changes in H-reflex amplitudes 
and extent of reciprocal inhibition (Dragert and Zehr 2011, 
2013). Dragert and Zehr (2011) reported that dorsiflexion 
training altered soleus H-reflex amplitudes in neurologically 
intact participants and enhanced reciprocal inhibition from 
soleus to tibialis anterior muscle on the untrained sides in 
individuals with stroke (Dragert and Zehr 2013). Reduced 
inhibition in the cortical and corticospinal pathways have 
also been recorded following unilateral training (Hortobagyi 
et al. 2011; Latella et al. 2012). Strong correlation between 
strength transfer and decreased interhemispheric inhibition 
were seen following unilateral strength training in dorsal 
interosseous muscle suggesting cross education may affect 
by the adaptations in interhemispheric inhibition from the 
trained to the non-trained primary motor cortex (Hortobagyi 
et al. 2011). Although training-induced neural adaption has 
been found in both spinal and cortical pathways in neurolog-
ically intact participants, less is known about neural adaption 
following upper limb cross-education training in stroke.

Resistance training-induced improvements in balance 
and gait performance (Flansbjer et al. 2012, 2008; Yang 
et al. 2006), and reduced arm motor impairment (Winstein 
et al. 2004) are noted when the MA side is trained. Unilat-
eral strength training in the ankle can improve strength and 
these changes may have the potential to transfer to improve 
function in chronic stroke participants (Dragert and Zehr 
2013). However, whether MA arm strength training-induced 
functional changes could transfer to the untrained side in 
individuals with chronic stroke has not been tested.

To explore whether unilateral wrist extension could 
induce cross-education in strength, spinal and cortical plas-
ticity, and motor function after stroke, 24 chronic stroke 
participants completed a 5-week maximal wrist extension 

intervention using the LA arm. We hypothesized that uni-
lateral resistance training with the less-affected wrist would 
improve strength, produce neural adaptation at spinal and 
cortical levels and induce clinically meaningful changes 
bilaterally after stroke.

Methods

Participants

Twenty-four participants with chronic (> 6 months post 
lesion) stroke and associated arm weakness were recruited, 
detailed participants’ information was provided in Table 1. 
Twelve participants trained at the University of Victoria 
(UVIC) and 12 at University of British Columbia (UBC). 
The protocol was approved by the University of Victoria 
Human Research Ethics Board (Protocol Number: 07-480-
04d) and University of British Columbia Clinical Research 
Ethics Board (Protocol Number: H15-00055) in accordance 
with Declaration of Helsinki. Written informed consent was 
obtained before data collection.

Control procedures

The current study utilized a within-subject multiple baseline 
design (Butefisch et al. 1995). Three baseline tests (PRE1, 
PRE2 and PRE3; separated by 4–7 days) and one post-test 
(POST, within 1 week after training) were performed. Maxi-
mal wrist extension strength, spinal and cortical plasticity, and 
clinical assessments were performed at PRE1-3 and POST. 
Retention of strength gains was assessed in follow-up tests 
with wrist maximal extension force and Wolf Motor Function 
Test (WMFT) measured 5 weeks after the last training session.

Although this multiple baseline design requires more 
time and labor, it has been validated as a replacement of 
the control group (Butefisch et al. 1995; Dragert and Zehr 
2011, 2013; Klarner et al. 2014, 2016a, 2016b; Kaupp et al. 
2018), allows participants to create a reliable baseline and 
act as their own control, and ensures all receive treatment. 
To evaluate individual subject data, a 95% confidence inter-
val (95%CI) of the wrist extension force was calculated from 
the 3 baselines and those whose POST value was outside this 
range were defined as a responder (Klarner et al. 2016a).

Training protocol

Five weeks of training were completed with 3 sessions 
(one in lab, two at home) per week consisting of 5 sets × 5 
reps × 5 s maximal wrist extension contractions in the LA 
arm (3 s breaks between contractions and 2 min breaks 
between sets) (Dragert and Zehr 2011, 2013; Barss et al. 
2018). Before training, a warm-up session with 3 sets × 5 
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rep × 5 s 50% maximal wrist extension contraction were 
completed. Training was performed with the participant 
seated in a comfortable position with LA arm strapped to 
the customized training device to ensure the wrist angle 
was constant during contraction (Fig. 1A). When training 
at home, standardized audio instructions were provided 
with cueing of when to contract and relax during warm-up 
and training, as well as verbal encouragement to ensure the 
instruction and timing were consistent between sessions. 
To ensure participants followed protocol when training at 
home, each training device included a load cell to record 
contractions and a micro SD card to save the data. Data from 
the training device were recorded and analyzed for those 
training at UVIC. Training devices were piloted with two 
neurologically intact volunteers prior to data collection. The 
full training protocol was completed to ensure the device 
was comfortable and easy to use through the training. To test 
the reliability of the training devices, load cell readings were 
recorded by adding and removing standard weights across 
5 different days. High reliability was suggested based on 

significant intraclass correlation for all the devices (Pearson 
correlation > 0.98, p = 0.000).

Measures of strength (n = 24, participants from UVIC 
and UBC)

During PRE, POST and follow-up tests, participants were 
seated comfortably with forearm and wrist supported in a 
customized device (Fig. 1B, C). Maximal voluntary contrac-
tion (MVC) wrist extension force was measured with the 
wrist at horizontal (pronated) and vertical (mid-supinated) 
positions bilaterally using a 6-axis force sensor (ATI, Indus-
trial Automation Gamma DAQ F/T Transducer, Apex, NC, 
USA). MVC force was calculated from a 10 ms window 
around the peak with custom written MATLAB programs 
(Version R2013b, The Mathworks, Natick, MA, USA).

During training, wrist extension force was measured by 
a load cell and recorded on a Micro SD card on the training 
device (Fig. 1A). Data were analyzed with a customized 
LabVIEW program for those training at UVIC (n = 12). If 

Table 1 Individual participant characteristics and clinical assessment baseline

For “responder” Y and N indicate whether or not each participant had strength adaptations for LA or MA side. Participant UVIC06’s MA side 
strength could not be obtained during the POST test, therefore, the MA side result is listed as N/A
MA more-affected, LA less-affected, NA data not available, PSD post-stroke duration, Full WMFT full Wolf Motor Function Tests, abb-WMFT 
abbreviate Wolf Motor Function Test rate

Participant ID Gender MA Side PSD (mo) Full WMFT 
(MA)

Full WMFT 
(LA)

abb-WMFT 
(MA)

abb-WMFT 
(LA)

BBS FM-UE (66)

UBC01 F L 68 23 78 1 48 51 39
UBC02 F R 34 18 78 5 56 27 11
UBC03 M L 110 7 83 0 51 40 9
UBC04 F R 181 15 43 0 43 42 28
UBC05 M L 185 10 58 2 42 37 20
UBC06 M L 100 38 57 22 35 35 48
UBC07 M L 137 99 104 52 65 54 60
UBC08 M R 137 66 123 45 82 42 54
UBC09 M R 302 3 76 0 55 35 5
UBC10 M R 64 51 60 30 42 53 54
UBC11 M R 125 5 70 0 49 50 5
UBC12 M R 195 3 74 0 51 41 11
UVIC01 M R 32 NA NA 0 24 51 22
UVIC02 F L 96 NA NA 0 28 48 5
UVIC03 M R 71 NA NA 0 21 49 63
UVIC04 M L 90 NA NA 17 25 46 2
UVIC05 M L 120 NA NA 0 19 56 55
UVIC06 M R 94 NA NA 8 25 46 37
UVIC07 F L 160 NA NA 17 23 35 3
UVIC08 M L 231 NA NA 0 25 55 22
UVIC09 M L 75 NA NA 0 22 52 15
UVIC10 F R 249 NA NA 0 29 41 10
UVIC11 M R 132 NA NA 0 22 41 11
UVIC12 M L 93 NA NA 8 22 31 40
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the load cell reading showed a quick increase with a clear 
plateau > 3 s, that trial was considered as a “qualified” 
MVC. According to the training protocol described in the 
previous section, a total of 375 MVC (5 reps × 5 sets × 3 
sessions × 5 weeks) were intended to be completed by each 
participant. The average number of “qualified” MVC for 
the 12 participants at UVIC was 288 ± 65.

Measures of spinal plasticity (n = 12, participants 
from UVIC)

Electromyography (EMG) of extensor (ECR) and flexor 
carpi radialis (FCR) muscles was recorded using dispos-
able surface electrodes (Thought Technology Ltd., Quebec, 
Canada). EMG was amplified (× 5000), bandpass filtered 
from 100 to 300 Hz (GRASS P511, Astromed-Grass Inc.) 
and sampled at 2000 Hz through a customized LabVIEW 
program (National Instruments, Austin, TX). Maximal EMG 
in ECR muscle (EMGMAX) during wrist extension was deter-
mined on both sides, reciprocal inhibition and cutaneous 
reflexes were examined at four contraction levels (10, 15, 
25 and 50% EMGMAX of the same arm).

Reciprocal inhibition from wrist flexors to extensors and 
cutaneous reflexes evoked by median (MED) and superficial 
radial (SR) nerve stimulation were assessed bilaterally with 
similar procedures as found in previous studies (Thompson 
et al. 2008; Zehr and Kido 2001; Kido et al. 2004). Recipro-
cal inhibition was evoked by a single 1.0 ms pulse applied 
over the median nerve just above the elbow under the curve 
of the biceps brachii. Stimulation intensity was set at 1.2 
times the threshold that evoked a direct muscle response 
(M-wave motor threshold) in FCR. For cutaneous reflexes, 
trains of 5 × 1.0 ms pulses at 300 Hz were applied to the 
superficial SR or MED nerves at the wrist. Intensity was set 
as 2 times radiating threshold (RT), the lowest intensity at 
which a sensation of radiating paresthesia could be evoked in 
the innervation territory of the nerve, while not considered 
noxious by study participants.

Twenty data sweeps were collected and sampled by trig-
gering pseudo-randomly every 1.5–3 s (reciprocal inhibi-
tion) or 2–3 s (cutaneous reflexes). Target EMG was pre-
sented on a computer screen during each trial so participants 
could match targets between stimulations. Since most partic-
ipants could not generate four distinct levels of wrist exten-
sion contraction on their MA sides, two to three trials were 
performed with different ECR background EMG.

Typical muscle responses from reciprocal inhibition and 
cutaneous reflexes trials are presented in Fig. 2. Recipro-
cal inhibition was calculated as the difference between the 
mean background EMG and the mean of a 10 ms window 
around the post-stimulus minima with a latency to the peak 
of the response of ~ 30 to 40 ms. Early latency cutaneous 
reflexes were analyzed as the difference between the mean 
background EMG and the mean of a 10 ms window around 
post-stimulation minima at ~ 50 to 75 ms latency.

Measures of cortical plasticity (n = 12, participants 
from UBC)

Cortical silent period (CSP), transcallosal inhibition (TCI), 
short-interval intracortical inhibition (SICI) and intracorti-
cal facilitation (ICF) were measured during PRE, POST and 
follow-up test.

As described previously (Mang et al. 2015), CSP and 
TCI were elicited by single-pulse TMS with a Magstim 
2002 stimulator unit and a figure-of-eight coil (70 mm, P/N 
9790, Magstim Co. Ltd., Whitland, Carmarthenshire, UK) 
at a frequency of 0.25 Hz. CSP was measured as the pro-
longed decrease in ECR EMG following a motor evoked 
potential (MEP). During TCI trails, participants produced 
50% maximum grip contraction ipsilateral to the stimula-
tion. Ten TMS stimulations at 150% resting motor threshold 
were delivered over the ECR motor cortex representation 
to elicit ipsilateral silent period (iSP). Mean and minimum 
EMG amplitude during the iSP (iSP-mean, iSP-max) from 
both contralesional (CL) and ipsilesional (IL) side were 

Fig. 1   A Customized strength training device. Participants aligned 
the wrist crease to the middle of the training device at the hinge. A 
load cell was installed underneath. Blue circle indicates the compart-

ment with data acquisition circuit, battery and micro SD. B, C MVC 
force at wrist vertical (B) and horizontal (C)  positions. Black arrow 
indicates force sensor
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measured. The normalized iSP-mean was calculated as 
iSP-mean/pre-stimulus.

SICI and ICF were evoked by paired-pulse TMS (Chen 
et al. 1998; Kujirai et al. 1993). SICI was defined as the 
suppression of the MEP evoked by a subthreshold condi-
tioning stimulus and a suprathreshold test stimulus with a 
2 ms interval. ICF is a period of increased intracortical excit-
ability in response to conditioning stimulus and test stimu-
lus with a 12 ms interval. The amplitude of conditioning 
stimulation was set at 80% active motor threshold and the 
test stimulus was set at the necessary stimulus intensity to 
consistently evoke an MEP with an amplitude of 0.3–0.5 mV 
in ECR. Ten test stimuli, 10 SICI, and 10 ICF stimulations 

were delivered in a pseudo-randomized order. The percent-
ages of SICI and ICF to unconditioned test stimuli MEP 
were calculated. All TMS data analyzed offline with cus-
tom MATLAB program. SICI and ICF were evoked on the 
ipsilesional sides of four participants during one baseline 
test. Therefore, only these four PRE and POST datasets were 
used for statistical analysis.

Clinical measurements

The Fugl-Myer Upper Extremity (FM-UE) assessment 
indexed arm motor impairment in the MA arm for all partici-
pants (n = 24) before and after training. FM-UE assessment 
has been commonly used in measuring motor impairment 
during stroke recovery (Gladstone et al. 2002). Here, FM-UE 
assessed joint movement from four sections: upper extremity 
(36 points), wrist (10 points), hand (14 points) and coordina-
tion/speed (6 points) using a 3-point scale with higher scores 
indicating less motor impairment (max score 66).

To evaluate arm motor function, the Wolf Motor Function 
Test (WMFT) (Wolf et al. 2001) were performed by the 12 
participants at UBC. Due to time constraints, an abbreviated 
version of the Wolf Motor Function Test (abb-WMFT) were 
performed by the 12 participants at UIVC. The abb-WMFT 
included three tasks: pick up a can (gross motor), pick up a 
paper clip (fine motor) and fold a towel (functional task); both 
arms are tested during the WMFT. Performance time of each 
task was converted to rate of performance (Hodics et al. 2012):

The rates of performance were averaged among the tasks 
and compared statistically between PRE and POST. Participant 
information and clinical baseline measurements are in Table 1.

Statistical analysis

One-way repeated measures analyses of variance (rmANOVA) 
were performed (SPSS 20, Chicago, IL) to assess whether 
force changes over time. If there was no significant difference 
between PRE1, PRE2 and PRE3, baseline data were averaged 
to one PRE value. (Klarner et al. 2016a, b). To test whether 
strength improved significantly after training, the main effect 
of TIME was tested for PRE and POST force data (n = 24). 
To test whether the strength gains were retained after training, 
one-way rmANOVA was performed to test the main effect of 
TIME on PRE, POST and follow-up force data (n = 20).

To assess the strength changes for individual participants, 
a 95% confidence interval (95%CI) was calculated from the 
3 baseline tests with maximal of 9 MVC wrist extension 
contractions. If the averaged post-test strength outside the 
range of 95% CI, the strength improvement was considered 
significant and that participant was defined as a responder.

Rate of performance = 60 (s)∕Performance time (s)
Fig. 2   Typical muscle responses for reciprocal inhibition (A) and 
cutaneous reflex (B) trials with stimulation artifact removed (blank 
area in figures). A Shaded area indicates the reciprocal inhibi-
tion response measured at latency to largest effect, a 10 ms window 
around the lowest value that was used for data analysis at the latency 
around 30–40 ms. There was a 20 ms window of background EMG 
data recorded before stimulation onset. The average value of the pre-
stimulation background EMG was presented as a long dash line. B 
Dark grey area indicates the early latency cutaneous reflex, a 10 ms 
window around the lowest value that was used for data analysis at 
the latency around 50–75 ms. There was a 100 ms window of data 
recorded before stimulation onset. The average value of the pre-stim-
ulation background EMG was presented as a long dash line
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For reciprocal inhibition and cutaneous reflexes (n = 12), 
linear regression analyses between baseline EMG and reflex 
amplitudes were performed and Pearson r values calculated for 
each pool of paired data (df = n−1). For significant linear rela-
tion, the slope and y-intercept were compared between PRE and 
POST data, with critical t distribution values (df = n1 + n2–4) 
used to establish significance (Dragert and Zehr 2013).

CSP from the contralesional side (n = 12), SICI and 
ICF values on each hemisphere (contralesional: n = 12 and 
ipsilesional n = 4) were examined across time (PRE, POST, 
follow-up) by one-way rmANOVA. Two-way rmANOVA 
with the main effect of Time and Hemisphere (CL, IL) was 
used for TCI measurements (n = 12). Correlation analysis 
was performed between the percentage change in strength 
gain and TMS measures for the responders.

Paired t tests were used to compare averaged rate of perfor-
mance in abb-WMFT, full-WMFT and the Fugl-Meyer between 
PRE and POST tests. Statistical significance was set at p ≤ 0.05.

Results

Force measurements

Wrist extension force significantly increased by 42% 
(F(1,23) = 5.603, p = 0.027) and 35% (F(1,23) = 4.510, 
p = 0.045) on the LA and MA sides in the trained wrist 
horizontal position. Paired t test showed that the percent 
gain did not differ between the two arms. A significant main 
effect of Time was found in the 20 participants comparing 
PRE, POST and follow-up (F(1,23) = 4.484, p = 0.018). No 
significant difference between POST and follow-up sug-
gests maintained strength. Strength improvement in the 
wrist horizontal position did not transfer to wrist vertical 
position for either hand. Figure 3 shows the averaged maxi-
mal wrist extension force during PRE, POST and follow-up 
tests. Force measurements for each participant are presented 
in Table 2.

Fig. 3   Wrist extension MVC force at PRE, POST and follow-up at 
wrist horizontal (A, B) and vertical (C, D) positions. Grey, black and 
white bars represent force amplitude at PRE (n = 24), POST (n = 24) 

and follow-up (n = 20), respectively. Each bar represents mean ± one 
standard error of the mean. Asterisk indicates significant difference 
(p < 0.05). ns represent there is no significant effect
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Single subject analysis showed that wrist extension 
force in 17 of 24 participants significantly improved in the 
trained arm. These 17 participants were considered LA 
responder. Within the17 LA responders, strength transfer 
occurred in 8 participants, which were determined as MA 
responder. Fifteen LA responders completed the follow-up 
tests and showed strength maintenance in 8 with only 3 MA 
responders.

Spinal plasticity measurements—UVIC

Significant correlation between background EMG and 
reciprocal inhibition was found on the LA side before and 
after training with no differences between linear regres-
sion slopes (Fig. 4). Early latency cutaneous reflexes from 
MED and SR nerve stimulation were also significantly cor-
related with background EMG in the LA arm (see Fig. 5).

On the MA side, significant correlation was found in the 
early latency SR cutaneous reflexes during PRE and POST 
tests, and early latency MED cutaneous reflexes during 
PRE. A significantly decreased linear regression slope was 
found in the SR cutaneous response after training (t = 2.34, 
tcrit = 1.99, p = 0.02).

Cortical plasticity measurements—UBC

CSP duration decreased by 12% (p = 0.018) in the con-
tralesional hemisphere (LA side) after training (Fig. 6). 
No visible CSP was elicited during baseline tests in the 
ipsilesional hemisphere. Percentage change in CSP and 
strength of the LA responder were not correlated (Pearson 
r = 0.374, n = 9).

Increased normalized iSP-mean (iSP-mean/pre-stimu-
lus) was noted (p = 0.023) with 1 and 3% changes in the 

Table 2   Individual participant wrist extension strength (wrist horizontal position) during PRE, POST and follow-up test

N/A cells: participant UBC01, UBC03, UBC08, UBC12 were not able to visit the lab for the strength follow-up test; participant UVIC 04, 09 
developed severe spasticity in the elbow joint on the MA side, thus the MA arm could not fit in the force measurement device for all or parts of 
the strength tests
MA more-affected, LA less-affected, N/A data not available

Participant ID LA PRE (N) LA POST (N) LA follow-up (N) MA PRE (N) MA POST (N) MA follow-up (N) Responder

LA MA

UBC01 16.86 32.36 N/A 6.70 4.37 N/A Y N
UBC02 58.19 30.51 12.67 7.05 13.28 0.00 N
UBC03 17.66 39.19 N/A 14.12 38.10 N/A Y Y
UBC04 23.96 39.13 27.92 5.60 18.55 2.30 Y Y
UBC05 22.94 48.65 58.10 28.89 46.55 − 0.24 Y Y
UBC06 17.47 59.67 30.77 54.74 112.98 0.92 Y Y
UBC07 27.66 61.56 59.78 80.33 77.48 − 0.42 Y N
UBC08 151.45 89.15 N/A 62.90 108.05 N/A N
UBC09 39.62 77.87 66.38 8.53 11.23 − 0.54 Y Y
UBC10 73.19 83.96 48.41 28.61 30.78 0.18 Y N
UBC11 88.77 98.53 128.85 13.69 18.66 − 0.54 N
UBC12 50.38 70.94 N/A 1.98 7.36 N/A Y Y
UVIC01 125.98 138.88 115.79 15.22 19.54 1.69 Y N
UVIC02 62.65 30.93 46.63 − 4.16 1.05 − 1.36 N
UVIC03 41.08 32.95 40.81 48.99 51.12 0.01 N
UVIC04 68.28 104.81 53.31 N/A N/A N/A Y N/A
UVIC05 65.35 74.10 102.69 32.54 39.72 0.49 Y Y
UVIC06 84.04 99.53 97.78 10.53 15.90 0.13 Y Y
UVIC07 32.95 39.16 45.52 3.84 3.53 − 0.37 Y N
UVIC08 77.88 129.44 139.36 − 0.94 − 0.46 − 12.67 Y N
UVIC09 75.35 89.65 75.58 6.43 5.99 N/A N
UVIC10 46.49 80.28 78.66 1.87 − 0.30 14.62 Y N
UVIC11 130.16 159.35 132.66 31.53 0.43 − 0.69 Y N
UVIC12 35.47 22.17 44.11 15.81 25.61 1.37 N
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contralesional and ipsilesional hemisphere, respectively, 
indicating reduced transcallosal inhibition (Fig. 6). How-
ever, no significant effects of Hemisphere, Time, or Hemi-
sphere × Time interaction showed between PRE to POST 
and follow-up tests (n = 9, with three participants did not 
complete the follow-up TMS test). Correlation analysis 
showed no relationship between changes in normalized 
iSP-mean and strength for LA (Pearson r = 0.205, n = 9) 
or MA responders (Pearson r = 0.334, n = 6).

SICI and ICF were only generated in 4 participants 
during the PRE tests. No significant change occurred in 
either SICI or ICF after training. Results of the statistical 
analysis for strength and cortical plasticity are presented in 
Table 3. 

Clinical measurements

Clinical function improved and motor impairment 
decreased after training. FM Upper Extremity score 
increased from 26.2 ± 20.6 to 28.7 ± 20.3 (mean ± stand-
ard deviation) after training (p = 0.001). Abb-WMFT rate 
increased from 37.7 ± 16.6 to 42.5 ± 18.8 in the LA arm 
(n = 24, p = 0.032), but there were no significant changes 
(from 8.7 ± 14.8 to 10.6 ± 16.8, p = 0.059) in the MA 
arm. The full WMFT rate (n = 12; all performed at the 
UBC) showed significant improvement from 28.1 ± 30.1 
to 34.7 ± 33.1 (p = 0.004) on the MA side. Results of the 
statistical analysis for clinical measurements are presented 
in Table 4. 

Discussion

Unilateral wrist extension strength training of the non-
paretic, less affected side can improve muscle strength bilat-
erally in chronic stroke. Training-induced neural adaptation 
was found in spinal and cortical pathways on both sides. We 
show here that strength gains and neural adaptation can be 
induced by high-intensity strength training even in individu-
als with chronic stroke.

Cross‑education and strength gains

Similar percentage gains in strength were seen between arms 
(~ 42 and ~ 35% in LA and MA). Dorsiflexion cross-educa-
tion training after stroke showed similar results between legs 
(~ 34 and ~ 31% in LA and MA) (Dragert and Zehr 2013). 
Yet, in neurologically intact participants, cross-education 
strength gains on the untrained side is only ~ 8% on average 
(Munn et al. 2004) and ~ 9% for the upper limb (Manca et al. 
2017). This suggests that unilateral training of the LA limb 
can not only be used to “boost” strength in the MA arm after 
stroke, and that relative gains are amplified as compared to 
non-stroke controls.

Training-induced strength gains were retained in both 
arms 5 weeks after training: 8 of the 17 LA and 3 of the 8 
MA responders maintained their strength gains. Dragert and 
Zehr (2013) categorized 4 of the total sample of 19 (~ 21%) 
as non-responders (no strength gain on the trained side) 
after dorsiflexion training (Dragert and Zehr 2013), while 
here we categorized 7 of 24 (~ 29%) as non-responders. The 

Fig. 4   Reciprocal inhibition evoked at different background muscle 
activation levels. Linear regression analyses and Pearson r values 
were calculated for each best-fit line. Grey and black dots represent 

reflex amplitudes at PRE and POST tests, respectively. *Indicates sig-
nificant linear correlation. X-axis represents background ECR muscle 
activation. Y-axis represents reciprocal inhibition amplitudes
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Fig. 5   Cutaneous reflexes evoked from superficial radial (SR; A, 
B) and median (MED; C, D) nerves at different background muscle 
activation levels. Data from less (LA) and more (MA) affected arms 
(n = 12 participants) are shown at left and right, respectively. Grey 
and black dots represent reflex amplitude at PRE and POST, respec-

tively. Linear regression analyses were performed and Pearson r val-
ues were calculated for each best-fit line. Asterisk indicates signifi-
cant linear correlation. Hash indicates significant difference between 
linear regression slopes. X-axis represents background ECR muscle 
activation. Y-axis represents cutaneous reflexes amplitudes

Fig. 6   Cortical silent period (CSP; A) on the ipsilesional (IL) side. 
Transcallosal inhibition (B) on both contralesional (CL) and IL sides. 
Grey and black bars represent PRE and POST tests results (n = 12). 

Each bar represents mean ± one standard error of the mean. Asterisk 
indicates significant difference (p < 0.05)
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slightly higher proportion of non-responders in the current 
study may suggest that a similar dose of cross-education in 
the arm does not induce as strong of an effect as in the leg 
for stroke participants. This could relate to differences in 
functional coupling between the arms compared to the legs. 
In a recent review by Halperin et al. (2015), the authors sug-
gested non-local muscle fatigue is more likely to occur in 
the non-training lower limb muscles compared to the upper 
limb. In addition, the strength of neural coupling between 
the legs is stronger than the arms as seen in rhythmic loco-
motor tasks (Zehr et al. 2016). To fully utilize neural con-
nections between arms, on-going high-intensity strength 
training should be applied in chronic stroke rehabilitation 
training.

We also found strength gain only transferred at the trained 
position (wrist horizontal) during wrist extension in accord-
ance with “specificity of training” (Sale and MacDougall 
1981; Zhou 2000). Several studies show that different wrist 
and forearm positions affect grip strength and muscle activa-
tion (Mogk and Keir 2003; Richards et al. 1996; Terrell and 
Purswell 1976). Baldissera et al. found FCR H-reflex ampli-
tudes decreased when the forearm position was changed 
from pronation to supination position. They suggested that 
the muscle afferent pathway (as assessed by the H-reflex) 
to FCR motor neurons is influenced by changes in afferent 
feedback accompanying forearm rotation (Baldissera et al. 
2000). Zehr suggested that sensory feedback may be part of 
the ensemble signaling associated with the cross-education 
effect (Zehr 2006). Thus, it is possible that that changes in 
wrist position affected sensory feedback and muscle activa-
tion in both wrist extensors and flexors thus emphasizing 
task-specific transfer.

It is worth noting that the average post-lesion duration 
was 144 ± 72 months for the less affected side responders 
and 158 ± 66 months for the more affected side respond-
ers. The bilateral strength improvement found here fur-
ther debunks the myth that stroke recovery plateaus 3- to 
6-months after lesion, a concept commonly believed by 
many of those with stroke and often still taught to clinical 
professionals (Sun et al. 2015). Cross-education strength 
induced neural plasticity and clinical translation will be 
discussed in the following sections. The results from this 
study emphasize the idea that there is no time limit in stroke 
rehabilitation.

Spinal cord plasticity

Regression slopes between SR cutaneous reflex amplitudes 
and background EMG decreased with stronger inhibition in 
the MA arm indicating the excitability of cutaneous pathway 
was normalized to the LA side after training. Others have 
shown training-induced neural adaptation in spinal-medi-
ated reflex pathways (Zehr 2002, 2006). Enhanced soleus 
H-reflexes were found in the untrained side in neurologically 
intact participants after dorsiflexion cross-education train-
ing (Dragert and Zehr 2011). Altered reciprocal inhibition 
amplitudes (suggesting increased sensitivity to descending 
voluntary commands) were found in untrained MA TA mus-
cle after stroke (Dragert and Zehr 2013). Here, such correla-
tion between reciprocal inhibition amplitude and background 
EMG was absent on the MA arm suggesting weaker excit-
ability in the reciprocal inhibition pathway after stroke.

Altered SR (innervates dorsum of the hand) but not MED 
(innervates palm) cutaneous reflex amplitudes were found 

Table 3   Statistical analysis 
results for the strength and TMS 
measurements

MA more-affected, LA less-affected, CSP cortical silent period, TCI transcallosal inhibition

Measure n Pre [mean(SD)] Post [mean(SD)] p value Cohen’s D

LA Strength (N) 24 59.74 (36.97) 72.20 (37.20) 0.027* 0.34
MA Strength (N) 23 20.64 (22.33) 28.24 (32.52) 0.045* 0.27
CSP (ms) 12 0.13 (0.03) 0.11 (0.03) 0.018* 0.45
TCI (normalized iSP) 12 0.78 (0.08) 0.82 (0.06) 0.023* 0.5

Table 4   Statistical analysis 
results for the clinical 
measurements

FM-UE Fugl-Myer Upper Extremities assessment, WMFT full Wolf Motor Function Tests, abb-WMFT 
abbreviate Wolf Motor Function Test rate, MA more-affected, LA less-affected, NA data not available

Measure n Pre [Mean(SD)] Post [mean(SD)] p value Cohen’s D

FM-UE 24 26.2 (20.1) 28.7 (19.9) 0.000* 0.13
WMFT rate LA 24 75.2 (21.6) 86.0 (22.9) 0.055 0.61
WMFT rate MA 12 28.1 (30.1) 34.7 (33.1) 0.004* 0.21
abbr-WMFT LA 12 37.7 (16.3) 42.5 (18.4) 0.032* 0.27
abbr-WMFT MA 24 8.7 (14.5) 10.6 (16.5) 0.059 0.12
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which may be related to sensory input from the mechanical 
action of the straps on the hand during wrist extension. Sen-
sory input plays a critical role in the motor function recovery 
after stroke (Nudo et al. 2000; Celnik et al. 2007) and the 
excitabilities of cutaneous pathways can be altered through 
training (Zehr 2006). Studies in neurologically intact partici-
pants showed strength training with sensory electrical stimu-
lation induced higher strength gains on the untrained side 
(Hortobagyi et al. 1999). In a short-term intervention study, 
unilateral voluntary contraction, sensory electrical stimula-
tion or contraction combined with sensory stimulation pro-
duced altered amplitudes of H-reflexes and motor evoked 
potential on the contralateral sides differentially (Horto-
bagyi et al. 2003). These observations suggest enhanced 
sensory input modulates larger neural adaptation compared 
to performing voluntary contraction alone. Veldman et al. 
explored whether adding electrical stimulation to unilateral 
motor practice could amplify inter-limb transfer. Results 
suggested that outcomes from sensory electrical stimulation 
may depend on clinical status since the effects are much less 
(6%) in healthy compared to stroke participants 27% (Veld-
man et al. 2015). Further research is needed to understand 
whether enhanced sensory input could facilitate the cross-
education effect of strength training after stroke.

Cortical plasticity

Significant decreases were found in TCI from both hemi-
spheres and in CSP from the LA side after training. Reduced 
CSP on the LA side is similar to results after cross-educa-
tion training in neurologically intact participants. Kidgell 
et al. found that 4 weeks of unilateral wrist flexion train-
ing decreased CSP duration significantly bilaterally which 
caused less inhibitory input to the motor neuron pool and 
increased net excitability of the corticospinal tract (Kidgell 
et al. 2015). Since the first 50 ms of the CSP duration is 
believed to be controlled by spinal mechanisms while the 
reductions after 100 ms are assumed to cause by supraspi-
nal inhibition (Inghilleri et al. 1993) and the CSP duration 
seen in our participants was reduced from 131 to 115 ms, 
we assume that the training-induced reduction in CSP was 
primarily due to cortical factors. Although we found lack 
of correlation between the percentages of strength gain 
and changes in CSP and TCI measurements, previous stud-
ies showed that progressive decrease in CSP duration and 
stronger inhibition CL-iSP were associated with improve-
ment in motor outcome for stroke participants (Brouwer and 
Schryburt-brown 2006; Classen et al. 1997; Harris-Love 
et al. 2016). Our group results here suggest CSP and TCI 
may play important role in increasing bilateral strength and 
motor function in stroke rehabilitation.

Paired-pulse TMS induced SICI has been used to examine 
GABAA mediated intracotical inhibition. People with stroke 

usually show deficient SICI modulation in the primary motor 
cortex due to the lesion (Harris-love et al. 2016; Shimizu 
et al. 2002). Here, we did not find decreased SICI which 
has been seen in other cross-education studies in neurologi-
cally intact individuals (Kidgell et al. 2015; Goodwill et al. 
2012). This may due to the small sample size since SICI was 
only evoked in four participants. However, considering the 
strength gain at the POST test, lack of significant changes 
in SICI may indicate cross-education can utilize the intact 
cortical pathway inducing bilateral strength gain and without 
involving GABAA mediated inhibitory pathways.

Clinical translation

Training-induced neural plasticity was also reflected in 
clinical measurements. FM score increased 2.5 ± 3.1 points 
(mean ± standard deviation) with 4 participants showing ≥ 5 
points increase suggesting reduced impairment in the MA 
arm and was maintained at follow-up. Although the mini-
mal clinically important difference ranges from 4.25 to 
7.25 (Page et al. 2012), the current study had more severe 
stroke participants with an average PRE FM score of 26.2 
compared to 39.2 in the previous study (Page et al. 2012). 
In functional tests, abb-WMFT rate (n = 24) improved 
significantly in the LA arm. Full WMFT (n = 12, with 9 
responders) performance time decreased by 1.5 s (standard 
deviation: 1.8 s) on the MA side, in the range of minimal 
clinically important difference of 1.5 to 2 s (Lin et al. 2009). 
This strength training protocol shows the potential to reduce 
impairment and improve motor function in the arm even for 
severely affected stroke participants. To induce clinically 
significant changes, higher training intensity and/or longer 
training durations may be required in stroke participants 
with severe impairment.

Summary

This study for the first time shows bilateral neuromuscu-
lar and strength gains in arm muscles can be induced in 
chronic stroke by training the less affected side only. Neu-
ral adaptations in spinal and cortical pathways demonstrate 
functional neural plasticity can occur even years after stroke 
using high-intensity training. These results further debunk 
the myth that stroke recovery plateaus 3- to 6-months after 
lesion and emphasize the idea that there is no time limit in 
stroke rehabilitation. However, response variability between 
participants suggests that to induce and maintain cross-edu-
cation between arm muscles may require higher intensity 
and on-going training in stroke participants.
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