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Abstract

Background and Purpose—In healthy humans, observation of another individual performing
a motor training task (action observation, AO) facilitates, in the observer, the effects of physical
training (PT) on motor memory formation. It is not known if this facilitatory process, of potential
value for neurorehabilitation, occurs after stroke.

Methods—Eight chronic stroke patients completed this crossover-randomized investigation. A
transcranial magnetic stimulation protocol that tests formation of motor memories was used to
determine the effects of PT alone and in combination with AO in two different forms: congruent
(PT+AOconGruUENT) and incongruent (PT+AO;ncoNGRUENT) tO the practiced task.

Results—The magnitude of motor memory formation was larger with PT+AOconGrUENT than
with PT alone or PT+AO|ncoNGRUENT- This effect was associated with a differential
corticomotor excitability change in the muscles acting as agonist and antagonist of the trained/
observed movements.

Conclusions—These results indicate that congruent AO in association with physical training
can enhance the effects of motor training after stroke.

Keywords
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Introduction

Performing a motor task or observing another individual performing the same motor actions
(Action Observation, AO) activates “mirror neurons” in the premotor and parietal cortex of
macaque monkeys 1 2. In humans, AO results in increased cortical excitability of the
primary motor cortex (M1) 34, and has been implicated in cognitive processes like
understanding the actions and intentions of others °, imitation learning 8, motor learning 7,
and motor memory formation 8. Recently, we have shown that action observation combined
with physical practice results in more prominent training effects relative to plain training in
healthy volunteers, as reflected by formation of simple motor memories °. These findings
suggested that AO could be a valuable strategy to improve motor rehabilitation following
brain lesions like stroke 10: 11 Additionally, recent evidence support the view that action
observation could facilitate training of activities of daily living after stroke 12. Here, we
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tested specifically the hypothesis that AO could enhance the beneficial effects of physical
training on motor memory formation in patients with chronic stroke.

Nine chronic stroke patients with single unilateral cortical or subcortical lesions (5 women,
age range 40-74 years; online only Table) gave written informed consent to participate in the
study. Eight of them completed the experimental protocol. One patient could not complete
the protocol due to TMS-related headache. The National Institute of Neurological Disorders
and Stroke, and Johns Hopkins School of Medicine Institutional Review Boards approved
the protocol.

Experimental Design

Formation of a motor memory—The experimental design has been previously
described in detail °. Transcranial magnetic stimulation (TMS, Magstim 200 (Jali Medical,
Woburn, MA) was delivered through a figure-eight coil applied over the primary motor
cortex (M1) to evoke contralateral thumb movements. Each TMS-evoked thumb movement
direction was determined from the first-peak acceleration vector recorded using a small 2-
dimensional accelerometer mounted on the thumb (Kistler Instrument, Amherst, NY; Fig.
1). Electromyographic (EMG) activity was recorded from surface electrodes placed over the
extensor (EPB) and flexor (FPB) pollicis brevis muscles of the arm contralateral to the
stimulated M1. EMG signals were digitized (sampling rate 4,000Hz) and fed into a
computer for later analysis. Under this protocol, motor training consisting of voluntary
thumb movements performed in a specific direction modifies the TMS-evoked movement
directions in a way that indicates encoding of the kinematic details of the practiced
movements®: 13. 14,

Experimental protocol—Each patient participated in three testing sessions separated by
at least 7 days in a crossover design. The order of the sessions was counterbalanced. Each
session started by recording the direction of 60 TMS-evoked thumb movements
(approximately a 10min period, baseline, Fig. 1a). Immediately after baseline
determinations, subjects underwent one of the following 30mins interventions in each
separate session (Session 1, 2 or 3 in a random order, Fig. 1b): Physical Training (PT, n=8),
consisting of performance of voluntary thumb movements, visually paced at 1Hz, performed
in a direction opposite to the Baseline TMS-evoked movement direction (3 blocks of 10 min
each separated by 2 min rest); Physical Training and Congruent Action Observation (PT
+AOcoNGRUENT: N=8). In this session, PT was carried out as in the previous session
simultaneously with observation of a video displaying the hand of a healthy volunteer
performing the training task in the same direction to that physically practiced. Patients were
instructed to perform the thumb training motions simultaneously with the observed thumb
movements, both in the same direction for 30 min. This training mode is referred to as PT
+AOconGRUENT 1o reflect the fact that trained and observed thumb movements were in the
same direction. Physical Training and Incongruent Action Observation (PT
+AO|NCONGRUENT: N=8). Motor training in this session was performed in the same way as
in the previous two. The only difference with the previous session was that patients observed
a video-displaying thumb training motions in a direction opposite to that physically trained.
We called this training type PT+AO|ncongRUENT to reflect the fact that trained and
observed movements were in approximately opposite directions. The hand orientation in the
video of both sessions was as if the observer was looking at their own hand (first person
observation), since it has been shown that the degree of corticomotor excitability modulation
is maximal when the action is observed from the prospective of the observer 4. To ensure
proper attentional focus on the video observation component of the training, patients were
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instructed to count silently the number of rare movements (6% of the total) that occurred in
the direction opposite to the majority of observed motions (94%) in each of the training
sessions containing action observation. When physical practice was performed in
combination with action observation, patients were instructed to perform the movements at
the same time as in the video. Relaxation of uninvolved muscles was monitored on-line by
EMG. Verbal feedback was provided along the training to ensure training consistency and
synchronization to the observed movements, and relaxation of the uninvolved muscles or in
between thumb motions. After each intervention, we determined the direction of 60 TMS-
evoked thumb movements (post-intervention), as previously done during baseline (Fig. 1c).

The primary endpoint measure was the percentage of TMS-evoked movements that fell
within the training target zone (TTZ), defined as a window of + 20° centered on the mean
training direction 8 9 (see Fig. 1b). The training direction was determined using data
originated in the accelerometer attached to the finger, as done also for determination of pre
and post intervention TMS-evoked movement directions (see Formation of a motor
memory).

Consistency of motor training performance was monitored in all sessions by measuring three
kinematic parameters: (1) the angular difference between TMS-evoked movement directions
at baseline and during training, (2) the angular dispersion of training movement directions,
and (3) the magnitude of the first peak acceleration of the trained movements. All patients
reported their level of attention and fatigue during the interventions using visual analogue
scales (range 1-7; 1=worst possible response, 7=best response). Motor cortical excitability
was measured recording motor evoked potentials (MEP) amplitudes from muscles mediating
movements in the trained (MEPagonisT) and baseline (MEPanTAGONIST) directions. In this
setting, agonist refers to the muscle agonistic to the physically trained motions, while
antagonist refers to muscles antagonistic to the physically trained motions. To calculate the
effects of each training intervention (sessions 1, 2 and 3) on the motor cortical excitability of
both muscle groups (agonist and antagonist), we calculated the post/pre (baseline) MEP
amplitude ratio, referred to along the manuscript as MEPposT./PRE-INTERVENTION- ThIS
measure provides information on the effects of each intervention on the relative weight of
corticospinal influences on muscles agonistic and antagonistic to the TMS-evoked
movement directions.

Data analysis

Results

An investigator blinded to the intervention type performed data analysis. The primary end
point measure of the study, the percent of TMS-evoked movement falling in the TTZ before
and after each session training type (dependent variable, a measure of motor memory
formation14 1), was analyzed using repeated measures analysis of variance (ANOVARgw)
with independent factors TIME (BASELINE, POST-INTERVENTION) and SESSION
(MT, MT+AOcongruent, MT+AQincongruent). Separate ANOVASs were used to evaluate
changes in MEP amplitudes in each muscle group, attention, fatigue, each of the motor
training kinematic parameters and MEPposT./PRE-INTERVENTION Fatio. Post hoc analysis
was done when appropriate using Fisher's PLSD. All data is presented as mean * standard
error of the mean (SEM) unless otherwise stated.

Patients reported comparable levels of attention and fatigue across sessions (Table 1).
Kinematic monitoring showed comparable angular difference between TMS-evoked
movement directions at baseline and during training and angular dispersion of training
movement directions across interventions (Table 2). First peak acceleration of the trained
movements was slightly higher in PT+AOconcruenT than in PT+AO|NCONGRUENT
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(ANOVARM InTervENTION: F[2,8]: 4.02, p< 0.05; Fisher's PLSD Post Hoc p<002, an effect
more prominent in 3 subjects that may reflect a relatively higher difficulty in training in one
direction while observing movements in the opposite direction).

Baseline determination of TMS-evoked thumb movements in the TTZ were comparable
across sessions (ANOV AR Session: F[2,7]= 1.5, p=0.26). PT, and PT+AO|NCONGRUENT
training sessions did not elicit increases in the percentage of TMS-evoked thumb
movements in the TTZ (Fig 2). On the other hand, the PT+AOcongRrueNT training type
resulted in a marked increase in the percentage of TMS-evoked thumb movements falling in
the TTZ (Paired t-Test: t[7]=-2.7, p<0.04). This change in the PT+AOcongRrUENT CONdition
was larger than those observed with PT+AO ncongrUENT OF PT alone (ANOVARp Tive:
F[1,7]=9.5, p< 0.02; Session: F[2,7]=5.4, p< 0.02; Twe by Session interaction: F[2,14]=5.2,
p<0.02; Fisher's PLSD Post Hoc for PT+AO|nconGRUENT: PTHAOCoNGRUENT: P<0.02;
Post Hoc for PT alone, PT+AOconGRUENT: <0.02). The PT+AOcongruenT effect was
present in 7 of the 8 patients that completed the experimental protocol (Fig. 2, light gray
lines). Of note, two participants had a dramatic effect after PT+AOcongRUENT- HOWeVver,
removing these subjects from the main statistical analysis did not modify the significance
(ANOVARM Time F[1,5]:.10.7, p< 0.03; Session: F[2,5]:3.8, p=0.05; Time by Session
interaction: F[2,10]=4.1, p=0.05; Fisher's PLSD Post Hoc for PT+AO|NcoNGRUENT: PT
+AOcoNGRUENT: P<0.03; Post Hoc for PT alone, PT+AOconGRUENT: P=0.05).

At baseline, MEP amplitudes were comparable across sessions in both muscle groups
(ANOVARM Muscie F[1,7]=0.005 p=0.94, InrervenTion F[1,7]=1.85 p=0.19, Musce by Session
Interaction F[1,7]=1.02 p=0.38; Table 3). At post-intervention, MEPagonisT and
MEPanTAGONIST @mplitudes did not change significantly (ANOVARMm Muscie F[1,7]=0.06
p=0.80, Intervention F[l,7]=0.49 p=0.62, Muscie by Intervention Interaction F[1,7]=1.89 p=0.83,
Fig 3a). Both muscles MEP amplitudes slightly decreased in PT and increased in the PT
+AO|NCONGRUENT sessions. However, in the PT+AOCONGRUENT session MEPANTAGONIST
had a slight increase while MEPanTAGONIST decreased. This differential change in
excitability is reflected by a statistically significant change in the
MEPpPOST-/PRE-INTERVENTION ratio (ANOVARM Muscie: F[l,7]= 8.71, p=0.03; Session:
F[2,7]= 0.24, p= 0.79; Muscie by Session Interaction: F[2,14]=5.73, p< 0.02; Fig. 3b).

Discussion

This study shows that action observation can enhance the beneficial effects of motor training
on motor memory formation in patients with chronic stroke. Interestingly, the kinematic
details of the observed action influence these modulatory effects: they are present when the
observed action matches the direction of the physical training, and absent when they do not
match. This effect was associated with an increase in corticomotor excitability of the muscle
representations mediating movements in the trained and observed direction, whereas the
excitability of the antagonist muscles decreased.

Previous investigations in the macaque monkey brain demonstrated the existence of “mirror
neurons” that discharge both, with performance of a motor action and with observation of
another individual performing similar motor actions! 2. Human studies have described a
“mirror neuron system” with similar characteristics 16, involved in action understanding?’,
imitation , motor learning 7, socialization 18, and capable of modulating training effects in
healthy individuals °. Given these properties and the capacity to engage the motor execution
network it has been proposed that action observation could contribute to enhance the effects
of motor rehabilitation after stroke 10- 11, A recent small clinical trial in fifteen stroke
patients investigating this strategy reported beneficial effects of observation of other
individuals performing tasks involving activities of daily living on recovery of the ability to
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perform certain motor tasks. These observational training elicited fMRI activation of areas
in which mirror neurons have been found 12. However, performance of action observation
and training exercises were not done simultaneously, which may have reduced the effects of
action observation, as it is known that modulation of action observation on corticomotor
excitabi!lity is stronger when high degree of specificity between phase 2 and direction is
present “.

In the present study we found that observation of another subject performing training
motions in the same direction and in phase with those physically trained enhanced motor
memory formation relative to physical training alone. This effect cannot be explained by
differences in baseline corticomotor excitability, motor training kinematics, attention or
fatigue during the different interventional sessions (tables 1, 2 and 3).

The finding that 30 minutes physical training alone under our experimental conditions was
not enough to encode a motor memory is consistent with prior studies in chronic stroke
patients 19 20, This relative inability of 30 min training to elicit the desired effect on motor
memory formation represents an excellent model against which to compare various
strategies designed to boost training effects. It has been shown that dopaminergic agents
could enhance training effects on motor memory formation in older adults 2 and in patients
with stroke 19, Interestingly, action observation in older healthy volunteers can also enhance
training effects to elicit motor memory encoding similar to that induced in younger healthy
volunteers by physical training alone 9. Action observation enhanced training effects to a
similar extent in elderly healthy volunteers © and in our present results in stroke patients.

Changes in cortical excitability identified here provide information on the underlying
mechanisms associated to these behavioral effects. The differential modulation of
corticomotor excitability of the agonist and antagonist muscles involved in the performed
and observed movements suggests a change in the balance of inhibition and excitation
within the cortical representation of the thumb. It is likely that Hebbian-like confluence of
inputs arriving to the corticospinal neurons within the hand representation of M1 from the
ventral premotor cortex 22 23 where mirror-like activity is found 5 24, and non-primary
motor regions 25 26, associated to performance of motor tasks, is the mechanism underlying
the corticomotor excitability change. Interestingly, similar brain regions activated by hand
movements after stroke may contribute to recovery of motor function 27-29, Therefore, it is
possible that using action observation to activate premotor areas and in turn modulate motor
neuronal output may be particularly suited in stroke patients.

In summary, our results indicate that action observation could contribute to
neurorehabilitation by enhancing the beneficial effects of training on motor function in a
partially paralyzed hand, an issue of relevance for approximately 50 to 70% of patients post
stroke 30, The influence of AQ in patients with more severe motor impairment has not been
investigated. These preliminary results support a role for action observation in
neurorehabilitative treatments after stroke and suggest that it would be worthwhile to
investigate this hypothesis in double-blind, controlled multicenter clinical trials.

This preliminary study shows that simultaneous observation of another individual
performing the same action as that physically trained can enhance the effects of motor
training on motor memory formation. This effect, accompanied by specific and differential
changes in corticomotor excitability within the hand motor representation of the primary
motor cortex, suggests the potential use of action observation as a strategy to enhance motor
rehabilitation in patients with chronic stroke.
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Fig. 1.

Graphic representation of the experimental set up. a) Baseline. Black lines depict the
direction of individual TMS-evoked thumb movements, in this example a combination of
flexion and abduction. b) Interventions. Patients perform: (1) physical training (PT) alone
(represented by a drawing of a thumb and black lines showing the direction of the practice
movements), (2) PT+AO;nconRUENT (same drawing as in PT plus a still picture obtained
from the video presented during the experiments showing the thumb in flexion position and
black lines depicting the observed movements direction, opposite to the physically trained
motions), and (3) PT+AOconcrUENT (Shown by the same drawing as in PT plus a still
picture with the thumb in extension position and black lines depicting the direction of the
observed movements). In the 3 experimental sessions, the physical training component
consisted of thumb movements practiced in a direction opposite to the baseline TMS-evoked
movement direction (in the sketch this is represented by the TTZ, a training target zone
defined as a window of + 20° centered on the mean training direction. ¢) Post-intervention.
The percent of TMS-evoked thumb movements falling within the TTZ, the primary outcome
measure, was calculated.
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Fig 2.

Percent of intervention-dependent TMS-evoked thumb movements falling in the TTZ (bar
graph, n=8; mean + SEM). Note the increase in the percentage of TMS-evoked thumb
movements falling in the TTZ when MT+AOconGrUENT IS performed. *, p< 0.02. In light
gray, the percent of movements in TTZ for each subject is shown. Seven of eight subjects
experience an increased in TMS-evoked motions following the trained and observed
directions in the PT+AOconGrUENT CONndition.
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Corticomotor excitability changes as measured by motor evoked potential amplitudes
(MEP). In 3a, absolute MEP amplitudes for the agonist and antagonist muscles to the
physically practice direction is shown at baseline (pre) and after (post) each intervention in
the 3 sessions. After PT alone MEP amplitude decreased similarly for both muscles and
have minimal changes after PT+AO;nconGRUENT- IN the PT+AOconGRUENT CONdition,
MEP amplitude for the agonist muscle had a slight increased whereas the antagonist muscle
decreased. This differential modulation of excitability is evidenced in the

MEPposT-/PRE- INTERVENTION Fatio (3b). Here, only PT+AOcongrueNT elicited a
significant different ratio. *, p< 0.03.
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