
fnhum-10-00321 June 23, 2016 Time: 13:5 # 1

ORIGINAL RESEARCH
published: 27 June 2016

doi: 10.3389/fnhum.2016.00321

Edited by:
Adrian G. Guggisberg,

Geneva University Hospitals,
Switzerland

Reviewed by:
Arnaud Saj,

Geneva University Hospitals,
Switzerland

Alireza Gharabaghi,
Functional and Restorative

Neurosurgery, Germany

*Correspondence:
Claire Kemlin

claire.kemlin@gmail.com

Received: 02 March 2016
Accepted: 13 June 2016
Published: 27 June 2016

Citation:
Kemlin C, Moulton E, Samson Y and

Rosso C (2016) Do Motor Imagery
Performances Depend on the Side

of the Lesion at the Acute Stage
of Stroke?

Front. Hum. Neurosci. 10:321.
doi: 10.3389/fnhum.2016.00321

Do Motor Imagery Performances
Depend on the Side of the Lesion at
the Acute Stage of Stroke?
Claire Kemlin1,2,3,4,5*, Eric Moulton3,4,5, Yves Samson1,3,4,6 and Charlotte Rosso1,3,4,5

1 APHP, Urgences Cérébro-Vasculaires, Hôpital Pitié-Salpêtrière, Paris, France, 2 APHP, Service de Médecine Physique et
Réadaptation, Hôpital Pitié-Salpêtrière, Paris, France, 3 Centre de Recherche de l’Institut du Cerveau et de la Moelle épinière,
Paris, France, 4 UPMC Paris 6, INSERM, U1127; CNRS, UMR 7225, Paris, France, 5 CONAM, UPMC Paris 6, INSERM,
U1127, CNRS, UMR 7225, Paris, France, 6 COGIMAGE, UPMC Paris 6, INSERM, U1127, CNRS, UMR 7225, Paris, France

Motor imagery has been considered a substitute for overt motor execution to study
post-stroke motor recovery. However, motor imagery abilities at the acute stage
(<3 weeks) are poorly known. The aim of this study was to compare explicit and
implicit motor imagery abilities in stroke patients and healthy subjects, correlate them
with motor function, and investigate the role of right or left hemisphere lesions on
performance. Twenty-four stroke patients at the acute stage and 24 age- and gender-
matched healthy volunteers performed implicit (Hand Laterality Judgment Task) and
explicit (number of imagined/executed hand movements) motor imagery tasks and a
clinical motor assessment. Differences between healthy subjects and patients as well as
the impact of lesion side on motor imagery were studied using ANOVA. We analyzed the
relationship between motor executed and imagined movements (temporal congruence)
using Pearson correlations. Our study shows that for implicit imagery, stroke patients
had slower reaction times [RTs, t(46) = 1.7, p = 0.02] and higher error rates for the
affected hand [t(46) = 3.7, p < 0.01] yet shared similar characteristics [angle effect:
F (1,46) = 30.8, p ≤ 0.0001] with respect to healthy subjects. For the unaffected hand,
right-sided stroke patients had a higher error rate and similar RTs whereas left sided
stroke had higher RTs but similar error rate than healthy subjects. For explicit imagery,
patients exhibited bilateral deficits compared to healthy subjects in the executed and
imagined condition (p < 0.0001). Patients and healthy subjects exhibited a temporal
congruence between executed and imagined movements (p ≤ 0.04) except for right-
sided strokes who had no correlation for both hands. When using motor imagery as a
tool for upper limb rehabilitation early after stroke, caution must be taken related to the
side of the lesion.

Keywords: stroke, motor imagery, mental practice, recovery

INTRODUCTION

Motor imagery shares a number of similarities with overt movement execution such as
behavioral (Jeannerod, 1995), physiological parameters (Kranczioch et al., 2009), and perhaps
more importantly, certain functional neuroanatomical correlates (e.g., recruitment of brain motor
networks; Confalonieri et al., 2012). Motor imagery has been used in upper limb rehabilitation
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to improve post-stroke motor function (Page et al., 2011), pain
(Moseley, 2006), neglect (Welfringer et al., 2011), or daily living
activities (Liu et al., 2004), mostly at the subacute and the chronic
stage. Two randomized controlled trials have trained patients
by mental practice at the acute stage (Liu et al., 2004; Rosa
et al., 2010) but one examined specifically motor function in a
small sample of patients (n = 17). Yet, a clear understanding of
whether and how mental simulation performance is modified by
motor stroke and when is needed, especially at the acute stage.
Motor imagery is actually an umbrella term that includes two
different types: implicit and explicit mental imagery (Di Rienzo
et al., 2014). Implicit motor imagery concerns the ability to
perform mental rotation, usually with one part of the body, by
a first person perspective. It can be tested by the Hand Laterality
Judgment Task (HLJT) in which a subject has to determine the
laterality (handedness) of pictures of hands (De Vries et al., 2011;
Yan et al., 2013). In this type of task, stroke patients are susceptible
to exhibit decreases in accuracy, RTs, or both. Explicit imagery is
the internal rehearsal of a movement (for example, a fist closure
task) that could be imagined visually or kinesthetically (Malouin
et al., 2012; Wong et al., 2013). In the context of explicit imagery,
the number of executed and imagined movements in a given
amount of time (temporal congruence) has also been suggested to
be altered in stroke patients (Di Rienzo et al., 2014). It is, however,
worth noting that studies investigating these performances have
been performed at the chronic phase (>3 months) except in one
study (De Vries et al., 2011). In other words, motor imagery
abilities at the acute stage of stroke are not well known and
may be of importance to use mental practice as a tool in upper
limb rehabilitation, as soon as possible. In addition, the impact
of the side of the lesion on motor imagery has been questioned
in a recent review (Di Rienzo et al., 2014), and for both types
of motor imagery. In order to better characterize the abilities
of stroke patients in implicit and explicit motor imagery, we
performed a behavioral study in acute stroke patients and healthy
individuals. First, we compared the characteristics of implicit
and explicit imagery in healthy subjects and stroke patients. We
then investigated which type of motor imagery was impaired
specifically in right- and left-sided lesions. Finally, we correlated
the motor imagery performance with motor function in patients.

MATERIALS AND METHODS

Participants
Twenty-four stroke patients and 24 age- [t(46) = 0.47; p = 0.64]
and gender-matched (p= 0.78) healthy volunteers were recruited
between February 2014 and September 2015. Characteristics of
patients and healthy subjects are given in Table 1. Patients were
recruited from the stroke unit at the Hôpital La Pitié-Salpêtrière.
Inclusion criteria were a cerebrovascular accident <3 weeks,
proven by MRI and a score >0 for the upper limb motor item on
the NIHSS (National Institute of Health Stroke Scale). Exclusion
criteria were severe cognitive dysfunction (MMSE < 24), severe
aphasia (inability to understand test instructions), and visual
problems including hemianopia that could interfere with this
study. Healthy individuals with no history of neurological or

psychiatric disease were recruited. Motor imagery capacities of
the subjects were tested with a self-assessment questionnaire
inspired by the Kinesthetic and Visual Imagery Questionnaire
(KVIQ). Two domains (visual and kinesthetic) constituted the
questionnaire (Malouin et al., 2007) which entailed imagining
a movement of opening and closing one’s hand. Participants
had to rate the vividness of clarity of the image (visual motor
imagery) and intensity of sensation (kinesthetic motor imagery)
on a five-point ordinal scale from 1 = no image/no sensation
to 5 = image/sensation as if the movement was seen/executed.
The institutional review board (IRB) of Paris VI University
approved the study, and consent was obtained from each
participant.

Testing Procedure
The testing procedure was similar for all participants and done by
the same physiotherapist.

Motor Ability Assessment
Patients motor ability was evaluated within 3-weeks post-stroke
onset with two scales. The first was the Jebsen–Taylor Hand
Function Test (JTT) (Jebsen et al., 1969). As Hummel et al.
(2005) we included only six of the seven JTT subtests: turning
over cards, picking up small objects, picking up beans with a
teaspoon, stacking checkers, moving large light cans, and moving
heavy cans. Each subtest was timed, and the total JTT time
was computed by adding each sub-item duration. JTT ratio was
computed by dividing the JTT time of the paretic hand by that
of the unaffected hand. The second evaluation served to measure
force grip strength using a dynamometer (MIE, Medical Research
Ltd.,)1. The maximal handgrip strength (mGS) was recorded
three times then averaged. The mGS ratio was calculated as the
mGS of the affected hand divided by that of the unaffected hand
(Rosso et al., 2013).

1http://www.mie-uk.com/pgripmyo/index.html

TABLE 1 | Characteristics of Patients and Healthy Subjects.

Patients Healthy subjects

Age (years) 64.9 ± 13.6 63.2 ± 14.8

Gender (% of Males)–n 54% –13 54% –13

JTT affected hand (seconds) ∗ 180.5 ± 174.7 31.2 ± 4.3

JTT unaffected hand (seconds) ∗ 45.9 ± 12.1 30.9 ± 4.7

JTT ratio ∗ 4.1 ± 4.0 1.0 ± 0.1

Pinch Grip affected hand (Newtons) ∗ 104 ± 64 264 ± 93

Pinch Grip unaffected hand (Newtons) ∗ 186 ± 77 277 ± 90

Pinch Grip ratio ∗ 0.6 ± 0.2 1.0 ± 0.1

Kinesthetic score (KVIQ) affected hand 2.4 ± 1.3 2.6 ± 1.3

Kinesthetic score (KVIQ) unaffected hand 2.8 ± 1.4 2.7 ± 1.4

Visual score (KVIQ) affected hand 3.0 ± 1.1 3.1 ± 1.4

Visual score (KVIQ) unaffected hand 3.4 ± 1.1 3.0 ± 1.3

Results are presented as mean ± SD.
JTT, Jebsen Taylor Hand Function Test; KVIQ, Kinesthetic and Visual Imagery
Questionnaire, ∗p < 0.05.
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FIGURE 1 | Motor Imagery Tasks. (A) KVIQ scoring system from 1 to 5 for the visual and the kinesthetic scores. (B) Implicit imagery task: Hand Laterality
Judgment Task. (C) Explicit imagery task: self-pace hand opening and closing.

Implicit Motor Imagery Assessment
Patients completed a computerized Hand Laterality Judgment
Task (HLJT; Parsons, 1987; Figure 1). The task consisted of
displaying on a computer screen the palm and backside of the
left and the right hands from a single participant (De Vries
et al., 2013). The pictures of the hands were presented at six
different angles (0◦, 60◦, 120◦, 180◦, 240◦, and 300◦). The
orientation of the hand pointing upward was defined as an
angle of 0◦. The orientations 0◦, 60◦, and 300◦ were defined
to be anatomical angles whereas 120◦, 180◦, and 240◦ were
defined to be non-anatomical angles. There were therefore 24
unique images, presented three times, resulting in 72 total images.
Pictures were presented in a computer-made random order using
E-Prime 2.0 (Psychology Software Tools, Inc, Pittsburgh, PA,
USA), and patients were asked to identify as fast and accurately as
possible whether the picture showed a left or right hand. Before
the start of the test, participants practiced the task until they
felt comfortable with the computer environment and the mouse
system, in order to avoid biases due to learning. For each picture,

the average RT (i.e., the time between onset of image display and
button press) for correct responses and the error rate (number
of incorrect responses over the total number of images) were
calculated.

Explicit Motor Imagery Assessment
To evaluate explicit motor imagery ability, subjects were asked to
open and close one hand at a time at their own pace (Figure 1).
The test was performed twice: first by overtly executing, then
by imagining the movement. In order to count the number of
imagined movements, subjects were instructed to verbally signal
each time they opened and closed their hand by saying “tac”.
Patients were told to stop after 15 s. The task was performed with
both hands in a counterbalanced order.

Statistical Analysis
The descriptive statistics are presented as mean ± SD. All
statistical analyses were performed using SPSS software (version
20). The statistical level of significance was set at p < 0.05.
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Comparison of Implicit and Explicit Motor Imagery
Abilities between Healthy Subjects and Stroke
Patients
In order to control for the effects of handedness in comparing
patients performance with those of healthy controls, we
employed a method previously reported (Nowak et al., 2014). The
method consists of pairing each patient with a unique control
subject matched in age, gender, and handedness, regardless of the
affected hand. For example, if the paretic hand of a right-handed
patient was the left hand, it would then be matched with the left
hand of a right-handed healthy subject. We refer to this hand in
healthy subjects as the paired-affected hand. Consequently, the
right hand of the same healthy subject is referred to as the paired-
unaffected hand. To describe and compare the characteristics
of implicit and explicit imagery in healthy subjects and acute
stroke patients, we performed repeated-measures ANOVA on
behavioral data with a between-subject factor GROUP and
several within-subject factors. First, for the HLJT task, the
behavioral data were RTs and error rates; the within-subject
factors were HAND (affected or paired-affected-AFF vs. non-
affected or paired-unaffected-UNAF), ANGLE (anatomical vs.
non-anatomical orientations), and POSITION (palm vs. backside
views). For the explicit motor imagery task, the behavioral data
consisted of the number of movements during a 15-s period
with two within-subject factors: HAND (AFF and UNAF) and
CONDITION (Executed-EM vs. imagined-IM). Following the
ANOVAs, t-tests were performed. The relationship between
imagination and execution times (temporal congruence) was also
studied with Pearson correlations.

Impact of the Side of the Lesion on Motor Imagery
Performances
The same ANOVAs were carried out for implicit and explicit task
scores with the between-subject factor SIDE instead of GROUP
(right- vs. left-sided strokes). For the explicit task analysis,
temporal congruence was tested with the Pearson correlations in
each group (right- vs. left-sided strokes).

Correlation between Motor Imagery and Clinical
Outcome
Due to the non-normal distribution of clinical scores, Spearman
correlations between the three motor scores (JTT times and ratio,
mGS ratio) and implicit (error rates, RTs) and explicit (number of
movements) motor imagery performance were computed.

RESULTS

Seventeen (71%) patients suffered from an ischemic stroke
(7 from atherosclerosis, 3 from cardioembolic sources, 3
cryptogenic, 2 small vessel disease, 1 vasculitis, and 1 cervical
artery dissection) and seven (29%) from an intra-cerebral
hemorrhage (4 from hypertension, 1 from anti-vitamin K agent
and 2 unknown causes). Fourteen (58%) patients were subcortical
strokes, 9 (38%) cortical and 1 (4%) was cortico-subcortical
strokes. Patients (mean ± SD delay since stroke: 9 ± 5 days)
had lower grip strength and less dexterity (JTT) in the affected

than the unaffected hand and than healthy subjects in both hands
(p < 0.001 for all measures; Table 1). The mean± SD upper limb
motor item of the NIHSS was 1.0± 1.2. Patients exhibited similar
results compared to healthy subjects for the KVIQ in both visual
and kinesthetic scores (p > 0.05 for all items). Out of 24 patients,
12 (50%) had a right-sided stroke. Right-sided stroke patients had
similar motor scores for the NIHSS, JTT, and mGS than left-sided
stroke patients (Table 2).

Implicit Motor Imagery Abilities
Descriptive statistics of RTs and error rates are given in Table 3.

Healthy subjects and patients had longer RTs for
non-anatomical than anatomical angles [ANGLE effect:
F(1,46) = 30.8, p < 0.0001] and for palm- than backside views
[POSITION effect: F(1,46) = 5.5, p = 0.02]. Post hoc t-tests
demonstrated that the POSITION effect was driven by the
patients’ group [and not the healthy subjects, t(23) = −0.86,
p = 0.39]. Compared to healthy subjects, patients had longer
RTs in recognizing the affected hand pictures [t(46) = 1.7,
p = 0.02] with a non-significant similar trend for the unaffected
hand [t(46) = 2.3, p = 0.10] (Figure 2). When considering the
side of the lesion, left-sided stroke patients were slower than
right-sided stroke and healthy subjects in recognizing both
pictures of the affected [t(22) = 1.9, p < 0.001 and t(22) = 2.8,

TABLE 2 | Characteristics of left-sided and right-sided stroke patients.

Mean, SD Left-sided stroke
patients

Right-sided
stroke patients

Age (years) 67.3 ± 14.7 62.6 ± 12.6

Gender (% of Males)–n 50–6 58 −7

JTT affected (seconds) 211.9 ± 221 145.7 ± 103

JTT unaffected (seconds) 45.6 ± 10.6 46.2 ± 14.1

JTT ratio 5.0 ± 5.2 3.1 ± 1.8

Pinch Grip affected
(Newtons)

95 ± 43 115 ± 81

Pinch Grip unaffected
(Newtons)

183 ± 88 189 ± 67

Pinch Grip ratio 0.6 ± 0.2 0.6 ± 0.3

Delay since stroke (days) 9 ± 5 9 ± 6

RTs (affected hand)
(seconds)

6.1 ± 5.6 3.5 ± 1.0

RTs (unaffected hand)
(seconds)†

6.4 ± 6.7 2.7 ± 0.8

Error rates (affected hand)
(%)

15 ± 9 13 ± 9

Error rates (unaffected
hand) (%)∗

12 ± 7 16 ± 10

Number of movements
EM (affected hand)

10 ± 3 9 ± 2

Number of movements
IM (affected hand)

8 ± 4 7 ± 3

Number of movements
EM (unaffected hand)

11 ± 4 12 ± 4

Number of movements
IM (unaffected hand)

9 ± 4 8 ± 2

∗p < 0.05; †p < 0.1. JTT, Jebsen Taylor Hand Function Test.
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TABLE 3 | Performance of stroke patients and healthy subjects in the HLJT.

Reaction times (s) Error rates (%)

Patients sec Healthy Subjects sec Patients % Healthy Subjects %

Total 4.5 ± 4.7† 2.9 ± 1.5 32 ± 14∗ 19 ± 9

Anatomical orientation 4.3 ± 4.8† 2.4 ± 0.9 13 ± 9∗ 7 ± 5

Non-anatomical orientation 5.4 ± 5.3† 3.3 ± 1.6 16 ± 8∗ 11 ± 5

Palmside position 5.2 ± 5.3∗ 2.9 ± 1.4 14 ± 8∗ 8 ± 6

Backside position 4.3 ± 4.3† 2.8 ± 1.1 15 ± 10∗ 10 ± 7

Affected (paired-affected) hand 4.8 ± 4.1∗ 2.8 ± 1.2 16 ± 9∗ 9 ± 5

Unaffected (paired-unaffected) hand 4.5 ± 4.8† 2.8 ± 1.2 16 ± 8∗ 10 ± 5

∗p < 0.05, †p < 0.1. Superscripts adjacent to patient statistics indicate significant differences from healthy controls.

FIGURE 2 | Bar graphs of the reaction times (RTs) (seconds) and error rates (%) for the Hand Laterality Judgment Task in patients, healthy controls,
right- and left-sided stroke patients for the affected and unaffected hand. Height of bars is given as the mean and error bars are given as the 5% standard
error. ∗p < 0.05, †p < 0.1.

p = 0.008] and the unaffected hands pictures [t(22) = 1.6,
p = 0.05 and t(22) = 2.6, p = 0.01]. In contrast, right-sided
patients had preserved abilities compared to healthy subjects
for the unaffected hand pictures [t(34) = −0.3, p = 0.73] and
tended to be slower for the affected hand pictures [t(34) = 1.8,
p= 0.08].

For the error rate, patients made more errors than healthy
subjects [t(46) = 3.7, p = 0.0007]. Healthy subjects and patients
had higher error rates for non-anatomical than anatomical
angles [ANGLE effect: F(1,46) = 21.2, p < 0.0001]. No effect
of POSITION [F(1,46) = 1.2, p = 0.27] was found. The side
of the lesion influences differently the error rate depending
on the handedness of the pictures [HAND∗SIDE interaction:

F(1,22) = 6.9, p = 0.01]. Indeed, right-sided strokes had higher
error rates for the affected hand and tended to have for the
unaffected hand pictures than left-sided strokes [F(1,22) = 4.2,
p = 0.008 and F(1,22) = 0.3, p = 0.05] and healthy subjects
[t(34)=−4.1, p= 0.001, and t(34)= 2.8, p= 0.003]. In contrast,
left-sided strokes had similar error rates than healthy subjects
for the unaffected hand pictures [t(34) = 1.3, p = 0.26], and
made more errors for the affected hand pictures [t(34) = 3.4,
p= 0.008].

Explicit Motor Imagery Abilities
Descriptive statistics of the number of movements in the two
conditions are given in Table 4 (Figure 3).

TABLE 4 | Performance in the explicit motor imagery task for stroke patients and healthy subjects.

Number of movements (EM) Number of movements (IM)

Patients Healthy subjects Patients Healthy subjects

Affected (Paired-AFF) Hand 10 ± 3∗ 16 ± 7 8 ± 3∗ 12 ± 5

Unaffected (Paired-UNAF) Hand 12 ± 4∗ 15 ± 8 9 ± 3∗ 11 ± 4

∗p < 0.05. Superscripts adjacent to patient statistics indicate significant differences from healthy controls. IM, imagined movements; EM, executed movements.
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FIGURE 3 | Bar graphs of the number of executed and imagined movements for the affected and unaffected hand in patients and healthy controls.
Height of bars is given as the mean and error bars are given as the 5% standard error. ∗p < 0.05.

In healthy subjects and patients, the number of executed
movements was higher than the number of imagined
movements for both hands (CONDITION effect [F(1,46)= 31.8,
p < 0.0001]. There was also a HAND∗GROUP interaction
[F(1,46) = 14.8, p < 0.0001] and a HAND∗CONDITION
interaction [F(1,46) = 4.4, p = 0.04]. In other words, patients
had a smaller number of movements for both hands than healthy
subjects [EM: t(46) = −3.5, p = 0.0001 and t(46) = −2.1,
p = 0.045 for the affected/unaffected hand, IM t(46) = −3.4,
p= 0.001, and t(46)=−2.07, p= 0.03 for the affected/unaffected
hand]. Moreover, the comparison between the affected vs. the
unaffected hand revealed no significant differences for the
healthy subjects in the IM [t(23) = −1.8, p = 0.57] and the EM
conditions [t(23) = −1.0, p = 0.83]. In contrast, as expected
patients had a smaller amount of executed movement of the
affected vs. the unaffected hand [t(22) = 3.3, p = 0.005],
reflecting the neurological deficit. But, the number of movements
over a 15-s period was similar for the unaffected hand than for
the affected hand for the IM condition [t(22)= 1.9, p= 0.21].

For the comparison between right-and left-sided
stroke patients, there was a significant triple interaction
HAND∗CONDITION∗SIDE [F(1,22) = 4.6, p = 0.04]. First,
as expected, for the affected hand, the number of executed
movements was smaller than the one of healthy subject
[t(32) = −2.7, p = 0.01 for right- and t(34) = −2.5, p = 0.01
for left-sided stroke patients]. The number of movements in
the imagined condition was also smaller for the affected hand
[t(34)=−3.1, p= 0.004 for right- and t(34)=−2.1, p= 0.03 for
left-sided stroke patients]. For the unaffected hand, there were no
significant differences except for the smaller number of imagined
movements for right-sided strokes comparing to healthy subjects
[t(34)=−3.1, p= 0.03].

Temporal congruence [i.e., the correlation between the
number of movements in the executed and imagined conditions
(Figure 4)] was present for both hands in healthy subjects

(r = 0.723, 95% CI: 0.553−0.887, p < 0.0001 for the paired-
affected hand and 0.797, 95% CI: 0.696–0.928, p < 0.001 for
the paired-unaffected hand) and stroke patients (r = 0.525,
95% CI: 0.320–0.757, p = 0.08 for the affected hand and
r = 0.506, 95% CI: 0.252–0.785, p = 0.01 for the unaffected
hand).

In left-sided patients (Figure 4), temporal congruence was
present for the unaffected hand (r = 0.810, 95% CI: 0.226–0.964;
p= 0.001) and the affected hand (r= 0.595, 95% CI: 0.033–0.817;
p = 0.04). In right-sided strokes temporal congruence was not
present for both hands (p= 0.27 and 0.25).

Correlation between MI Performance
and Clinical Motor Scores
No correlation was found between either implicit (RTs, error
rates) or explicit task performance (number of movements in the
imagined condition) with clinical motor scores (the JTT times or
mGS ratios).

DISCUSSION

We have confirmed that stroke patients have impaired motor
imagery abilities at the acute stage. Second, the effect of the side
of the stroke was not the same for the implicit and the explicit
motor imagery tasks.

Implicit Imagery Tasks Impairment in
Stroke and Impact of Lesion Side
Stroke patients at the acute stage had slower RTs and higher error
rates than healthy subjects for the affected hand. The error rate
(32%) was higher in our population than in a previous study
(14%) (Yan et al., 2013). This discrepancy could be explained not
only by the older age of our population (mean= 67 vs. 60 years in
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FIGURE 4 | Temporal Congruence for Explicit Motor Imagery. Number of executed and imagined movements in patients, healthy controls, left- and right-sided
patients. White square dots and gray diamonds represent movements for the affected and unaffected hand, respectively.

Yan et al., 2013) but also by the fact that the study was conducted
early after stroke. Several studies have shown a selective decline
in performance with age in healthy subjects, most likely related
to a decline in visuospatial and kinesthetic abilities (Skoura
et al., 2008; Malouin et al., 2010). For the unaffected hand, the
results depended on the side of the lesion. Left- and right-sided
stroke patients experienced difficulties in performing the task.
But, the way to solve it was different. For right-sided lesions,
RTs were similar but the error rate was higher than healthy
subjects. In contrast, left sided strokes exhibited an inverse
profile, meaning that the error rate was similar but they took
more time than healthy subjects to answer. This was consistent
with a previous study in 11 left-sided stroke patients who
presented comparable and slow RTs between right and left hands
(Yan et al., 2013). Therefore, implicit mental imagery is a complex

task involving cognitive and motor processes (Lehéricy et al.,
2004). It requires solving problems within working memory,
body schemas, visuospatial information, motor planning, motor
control, and decision making, each of these could specifically
be impaired in stroke patients. Some characteristics of implicit
imagery were preserved in our patients, such as the angle effect.
In both groups, anatomical orientations were easier to recognize
than non-anatomical orientations. Moreover, Fitts’s law (increase
in RTs as angle deviates from 0◦) was verified in both groups
(Figure 5). The fact that the ANGLE effect was found significant
in stroke patients for both RTs and accuracy is in favor of
at least a partial respect of body schema representation or
visuospatial processing in our sample. Actually, the inverse profile
of left-sided and right-sided stroke could reflect a difference in
motor decision-making process (Behan et al., 2015). There are
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FIGURE 5 | Distribution of RTs as a function of angle in the Hand Laterality Judgment Task in patients and healthy controls. Height of bars is given as
the mean and error bars are given as the standard error of the mean.

growing evidences regarding the role of the right inferior frontal
gyrus during a particular form of executive control referred
to as response inhibition, i.e., the ability to suppress irrelevant
responses to a stimulus. In case of right hemisphere lesions,
this fronto-parietal network is disturbed and impulsive responses
(explaining the high error rates with preserved RTs) occur
(Garavan et al., 1999). Cojan et al. (2009) also demonstrated that
in motor inhibition, right frontal areas were activated by nogo
trials in healthy subjects. Moreover, they found that there was
no hemispheric lateralization for motor inhibition in the normal
state. For left-sided stroke, the right hemisphere is functional and
impulsive responses are inhibited (similar error rate than healthy
subjects).

Explicit Imagery Task Impairment in
Stroke and Impact on Lesion Side
As expected, patients were faster in a self-paced condition
for executed movements of the unaffected than the affected
hand, reflecting the motor impairment of the upper limb. In
patients, the number of imagined movements was similar for the
unaffected than the affected hand. Nevertheless, patients were
slower at imagining movements for both hands than healthy
subjects. Another important result is that the number of imagined
movements was smaller than that of executed movements for
both hands (Sabaté et al., 2004; Stinear et al., 2007). Possible
explanations could be either the lack of sensorimotor feedback
that creates extra difficulty for stroke patients. Proprioceptive
feedback has been shown to bridge cortical networks and abilities
between motor imagery and execution (Bauer et al., 2015), and to
induce behavioral gains in stroke patients (Brauchle et al., 2015;
Naros and Gharabaghi, 2015). Alternatively, another possibility
to explain the discrepancy between frequencies of executed and
imagined movements could be the increased mental effort in

performing internal rehearsal as already described in post-stroke
dystonic patients (Lehéricy et al., 2004). Sabaté et al. (2004) in
a similar experiment proposed that the slowness was the result
of a planning of movements that does not take into account the
actual capability of the lesioned motor system and that generates
a not realistic motor plan. This latter could be a hypothesis for the
affected hand but does not explain the results for the unaffected
hand.

We found that patients with right-sided strokes did not
exhibit temporal congruence while left-sided stroke patients did.
For right-sided stroke patients, Malouin et al. (2012) already
found a weaker correlation between executed and imagined
movements, meaning that these patients could not predict the
time necessary to perform the movements or to maintain stable
the frequency. They hypothesized that imagining movements was
more demanding in right-sided stroke patients due to damage
to a fronto-parietal network involved in visuospatial processing.
This could be confirmed by the results of another fMRI study
in stroke patients (Dettmers et al., 2015). In this study, patients
with lesions in the left hemisphere had a higher activation
level than those with lesions on the right hemisphere in visual
processing (fusiform, lingual gyri, and dorsal premotor regions).
They also had more vivid imagery experiences. Furthermore,
there is electrophysiological evidence that, in right hemispheric
strokes, motor facilitation (corticospinal excitability) during
motor imagery does not occur either in the right or the left
hemispheres (Stinear et al., 2007) comparing to left hemispheric
strokes.

Limitations
This study is not without its limitations. First, this study
is a transversal study and a not longitudinal one. Indeed,
it would have been interesting to study the evolution and
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recovery of implicit and explicit motor imagery performances
and determine if they correlate with changes in motor
performance. De Vries et al. (2011) suggest that early after stroke,
motor imagery ability is more related to visual imagery than
actual motor function.

Second, our population size was too small to investigate effects
of right-hemisphere neglect. Neglect and anosognosia are known
to hinder motor imagery and could lead to a dissociation between
visual and kinesthetic abilities (De Vries et al., 2013). This small
sample size hampered also the direct comparison of coefficient
correlations in the temporal congruence analysis and the impact
of side in the explicit task was analyzed on the presence or not of
a significant p-value.

Third, including another RT task (for example motor task)
could have been interesting to prove that the slowness of the
RTs was specific to the motor imagery. However, a motor RTs
task requires also cognitive and executive processes that may be
disturbed in the subacute stage of stroke.

Finally, specific brain lesions, such as damages to the parietal
lobe (Sirigu et al., 1996) or basal ganglia (McInnes et al., 2015)
are known to impair motor imagery abilities. This would have
been interesting to consider in this study but our sample size
was too small to disentangle the effect of side and location
together.

Despite these limitations, our study has several advantages.
We performed both implicit and explicit motor imagery tasks
in acute patients with motor deficits representative of a typical
clinical population.

CONCLUSION

These results suggest that acute stroke patients exhibit evident
motor imagery deficits. Moreover, the impact of lesion side

is different with respect to the type of motor imagery.
Left-sided and right-sided stroke patients exhibited bilateral
impairment in solving implicit motor imagery tasks whereas
moreover right-sided strokes seemed to yield less correlation
between executed and imagined hand movements in the
explicit imagery task. Taking into account the discrepancies
induced by the side of the lesion, using mental practice
for upper limb rehabilitation should be used with caution,
especially in right-sided strokes that exhibited both impairment
in implicit and explicit imagery performances. Whatever, the
more our understanding of motor imageries abilities evolves,
the better the real potential of mental practice as a tool of
upper limb rehabilitation can be determined (Kraft et al.,
2015).

AUTHOR CONTRIBUTIONS

CK, EM, YS, and CR have met these 4 criteria: Substantial
contributions to the conception or design of the work; or
the acquisition, analysis, or interpretation of data for the
work. Drafting the work or revising it critically for important
intellectual content. Final approval of the version to be published.
Agreement to be accountable for all aspects of the work in
ensuring that questions related to the accuracy or integrity
of any part of the work are appropriately investigated and
resolved.

FUNDING

The research leading to these results has received funding
from the program “Investissements d’avenir” ANR-10-
IAIHU-06.

REFERENCES
Bauer, R., Fels, M., Vukelic, M., and Gharabaghi, A. (2015). Bridging

the gap between motor imagery and motor execution with a brain-
robot interface. Neuroimage 108, 319–327. doi: 10.1016/j.neuroimage.2014.
12.026

Behan, B., Stone, A., and Garavan, H. (2015). Right prefrontal and ventral striatum
interactions underlying impulsive choice and impulsive responding. Hum.
Brain Mapp. 36, 187–198. doi: 10.1002/hbm.22621

Brauchle, D., Vukelic, M., Bauer, R., and Gharabaghi, A. (2015). Brain state-
dependent robotic learning reaching movement with a multi-joint arm
exosqueleton: combining brain-machine interfacing and robotic rehabilitation.
Front. Hum. Neurosci. 16:564. doi: 10.3389/fnhum.2015.00564

Cojan, Y., Waber, L., Schwartz, S., Rossier, L., Forster, A., and Vuilleumier, P.
(2009). The brain under self-control: modulation of inhibitory and monitoring
cortical networks during hypnotic paralysis. Neuron 62, 862–875. doi:
10.1016/j.neuron.2009.05.021

Confalonieri, L., Pagnoni, G., Barsalou, L. W., Rajendra, J., Eickhoff, S. B., and
Butler, A. J. (2012). Brain activation in primary motor and somatosensory
cortices during motor imagery correlates with motor imagery ability
in stroke patients. ISRN Neurol. 2012:613595. doi: 10.5402/2012/61
3595

De Vries, S., Tepper, M., Feenstra, W., Oosterveld, H., Boonstra, A. M., and
Otten, B. (2013). Motor imagery ability in stroke patients: the relationship

between implicit and explicit motor imagery measures. Front. Hum. Neurosci.
7:790. doi: 10.3389/fnhum.2013.00790

De Vries, S., Tepper, M., Otten, B., and Mulder, T. (2011). Recovery of motor
imagery ability in stroke patients. Rehabil. Res. Pract. 2011:283840. doi:
10.1155/2011/283840

Dettmers, C., Nedelko, V., and Schoenfeld, M. A. (2015). Impact of left versus right
hemisphere subcortical stroke on the neural processing of action observation
and imagery. Restor. Neurol. Neurosci. 33, 701–712. doi: 10.3233/RNN-
140487

Di Rienzo, F., Collet, C., Hoyek, N., and Guillot, A. (2014). Impact of
neurologic deficits on motor imagery: a systematic review of clinical
evaluations. Neuropsychol. Rev. 24, 116–147. doi: 10.1007/s11065-014-
9257-6

Garavan, H., Ross, T. J., and Stein, E. A. (1999). Right hemispheric dominance of
inhibitory control: an event-related functional MRI study. Proc. Natl. Acad. Sci.
U.S.A. 96, 8301–8306. doi: 10.1073/pnas.96.14.8301

Hummel, F., Celnik, P., Giraux, P., Floel, A., Wu, W.-H., Gerloff, C., et al. (2005).
Effects of non-invasive cortical stimulation on skilled motor function in chronic
stroke. Brain 128, 490–499. doi: 10.1093/brain/awh369

Jeannerod, M. (1995). Mental imagery in the motor context. Neuropsychologia 33,
1419–1432. doi: 10.1016/0028-3932(95)00073-C

Jebsen, R., Taylor, N., Trieschmann, R., Trotter, M., and Howard, L. (1969). An
objective and standardized test of hand function. Arch. Phys. Med. Rehabil. 50,
311–319.

Frontiers in Human Neuroscience | www.frontiersin.org 9 June 2016 | Volume 10 | Article 321

http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive


fnhum-10-00321 June 23, 2016 Time: 13:5 # 10

Kemlin et al. Motor Imagery in Acute Stroke

Kraft, E., Schaal, M. C., Lule, D., Konig, E., and Scheidtmann, K. (2015).
The functional anatomy of motor imagery after sub-acute stroke.
Neurorehabilitation 36, 329–337. doi: 10.3233/NRE-151221

Kranczioch, C., Mathews, S., Dean, P. J. A., and Sterr, A. (2009). On the
equivalence of executed and imagined movements: evidence from lateralized
motor and nonmotor potentials. Hum. Brain Mapp. 30, 3275–3286. doi:
10.1002/hbm.20748

Lehéricy, S., Gerardin, E., Poline, J. B., Meunier, S., Van de Moortele, P. F.,
Le Bihan, D., et al. (2004). Motor execution and imagination networks
in post-stroke dystonia. Neuroreport 15, 1887–1890. doi: 10.1097/00001756-
200408260-00010

Liu, K. P. Y., Chan, C. C. H., Lee, T. M. C., and Hui-Chan, C. W. Y. (2004). Mental
imagery for relearning of people after brain injury. Brain Inj. 18, 1163–1172.
doi: 10.1080/02699050410001671883

Malouin, F., Richards, C. L., and Durand, A. (2010). Normal aging and motor
imagery vividness: implications for mental practice training in rehabilitation.
Arch. Phys. Med. Rehabil. 91, 1122–1127. doi: 10.1016/j.apmr.2010.03.007

Malouin, F., Richards, C. L., and Durand, A. (2012). Slowing of motor
imagery after a right hemispheric stroke. Stroke Res. Treat. 2012:297217. doi:
10.1155/2012/297217

Malouin, F., Richards, C. L., Jackson, P. L., Lafleur, M. F., Durand, A.,
and Doyon, J. (2007). The kinesthesic and visual imagery questionnaire
(KVIQ) for assessing motor imagery in persons with physical disabilities: a
reliability and construct validity study. J. Neurol. Phys. Ther. 31, 20–29. doi:
10.1097/01.NPT.0000260567.24122.64

McInnes, K., Friesen, C., and Boe, S. (2015). Specific brain lesions impair explicit
motor imagery ability: a systematic review of the evidence. Arch. Phys. Med.
Rehabil. 97, 478.e1–489.e1. doi: 10.1016/j.apmr.2015.07.012

Moseley, G. L. (2006). Graded motor imagery for pathologic pain:
a randomized controlled trial. Neurology 67, 2129–2134. doi:
10.1212/01.wnl.0000249112.56935.32

Naros, G., and Gharabaghi, A. (2015). Reinforcement learning of self-regulated
beta-oscillations for motor restoration in chronic stroke. Front. Hum. Neurosci.
3:391. doi: 10.3389/fnhum.2015.00391

Nowak, D. A., Hermsdörfer, J., and Topka, H. (2014). Deficits of predictive grip
forcecontrol during object manipulation in acutestroke. J. Neurol. 250, 850–860.
doi: 10.1007/s00415-003-1095-z

Page, S. J., Murray, C., Hermann, V., and Levine, P. (2011). Retention of motor
changes in chronic stroke survivors who were administered mental practice.
Arch. Phys. Med. Rehabil. 92, 1741–1745. doi: 10.1016/j.apmr.2011.06.009

Parsons, L. (1987). Imagined spatial transformation of one’s body. J. Exp. Psychol.
Gen. 116, 172–191. doi: 10.1037/0096-3445.116.2.172

Rosa, M., Kilner, J., Blankenburg, F., Josephs, O., and Penny, W. (2010). Estimating
the transfer function from neuronal activity to BOLD using simultaneous
EEG-fMRI. Neuroimage 49, 1496–1509. doi: 10.1016/j.neuroimage.2009.09.011

Rosso, C., Valabregue, R., Attal, Y., Vargas, P., Gaudron, M., Baronnet, F., et al.
(2013). Contribution of corticospinal tract and functional connectivity
in hand motor impairment after stroke. PLoS ONE 8:e73164. doi:
10.1371/journal.pone.0073164

Sabaté, M., González, B., and Rodriguez, M. (2004). Brain lateralization of motor
imagery of motor planning asymmetry as a cause of movement lateralization.
Neuropsychologia 42, 1041–1049. doi: 10.1016/j.neuropsychologia.2003.
12.015

Sirigu, A., Duhamel, J.-R., Cohen, L., Pillon, B., Dubois, B., and Agid, Y. (1996). The
mental representation of hand movements after parietal cortex damage. Science
273, 1564–1568. doi: 10.2307/2891060

Skoura, X., Personnier, P., Vinter, A., Pozzo, T., and Papaxanthis, C. (2008).
Decline in motor prediction in elderly subjects: right versus left arm
differences in mentally simulated motor actions. Cortex 44, 1271–1278. doi:
10.1016/j.cortex.2007.07.008

Stinear, C. M., Fleming, M. K., Barber, P. A., and Byblow, W. D. (2007).
Lateralization of motor imagery following stroke. Clin. Neurophysiol. 118,
1794–1801. doi: 10.1016/j.clinph.2007.05.008

Welfringer, A., Leifert-Fiebach, G., Babinsky, R., and Brandt, T. (2011).
Visuomotor imagery as a new tool in the rehabilitation of neglect: a randomised
controlled study of feasibility and efficacy. Disabil. Rehabil. 33, 2033–2043. doi:
10.3109/09638288.2011.556208

Wong, W. W., Chan, S. T., Tang, K. W., Meng, F., and Tong, K. Y. (2013). Neural
correlates of motor impairment during motor imagery and motor execution
in sub-cortical stroke. Brain Inj. 27, 651–663. doi: 10.3109/02699052.2013.
771796

Yan, J., Sun, J., Guo, X., Jin, Z., Li, Y., Li, Z., et al. (2013). Motor
imagery cognitive network after left ischemic stroke: study of the patients
during mental rotation task. PLoS ONE 8:e77325. doi: 10.1371/journal.pone.
0077325

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.

The reviewer AS and handling Editor declared their shared affiliation, and the
handling Editor states that the process nevertheless met the standards of a fair and
objective review.

Copyright © 2016 Kemlin, Moulton, Samson and Rosso. 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) or licensor 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 Human Neuroscience | www.frontiersin.org 10 June 2016 | Volume 10 | Article 321

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/
http://www.frontiersin.org/Human_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Human_Neuroscience/archive

	Do Motor Imagery Performances Depend on the Side of the Lesion at the Acute Stage of Stroke?
	Introduction
	Materials And Methods
	Participants
	Testing Procedure
	Motor Ability Assessment
	Implicit Motor Imagery Assessment
	Explicit Motor Imagery Assessment

	Statistical Analysis
	Comparison of Implicit and Explicit Motor Imagery Abilities between Healthy Subjects and Stroke Patients
	Impact of the Side of the Lesion on Motor Imagery Performances
	Correlation between Motor Imagery and Clinical Outcome


	Results
	Implicit Motor Imagery Abilities
	Explicit Motor Imagery Abilities
	Correlation between MI Performance and Clinical Motor Scores

	Discussion
	Implicit Imagery Tasks Impairment in Stroke and Impact of Lesion Side
	Explicit Imagery Task Impairment in Stroke and Impact on Lesion Side
	Limitations

	Conclusion
	Author Contributions
	FUNDING
	References


