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Summary. The timing of mentally executed movements 
was measured in ten patients with hemiplegia; tetraplegia 
and paraplegia. In hemiplegic patients a significant dif- 
ference in mental duration times was found between the 
paralysed and the normal "represented limb". The para- 
lysed limb was mentally much slower than the healthy 
one. In contrast, movement times in tetraplegic and para- 
plegic patients did not differ from those in normal sub- 
jects. All patients reported a sensation of subjective ef- 
fort accompanying the execution of the mental tasks. 
These observations are compatible with an outflow pro- 
cessing underlying motor imagery. 
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Introduction 

Theorists in motor behaviour have conceptualized ac- 
tion from an information processing approach. There is 
common agreement that motor acts are centrally repre- 
sented, and, like other representations, are stored, mod- 
ified, and may be retrieved through specific cognitive 
processing (Stelmach and Hughes 1984). Furthermore, it 
is generally thought that cognitive processes and overt 
behaviour are intimately related. One approach for in- 
vestigating the interaction between cognitive and motor 
processes is to study motor imagery (internal representa- 
tion of a motor act: Denis 1985). 

Many experiments have demonstrated that mental 
training may have a positive effect on motor performance 
as a skill facilitator (for a review see Feltz and Landers 
1984). Mental training refers to the systematically re- 
peated, inner rehearsal of a movement in the absence 
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of any gross muscular movements. Such a procedure is 
widely used in the training of high-level athletics. Thus, 
imagery of movements (motor imagery: MI) is investi- 
gated both in the field of cognitive psychology and in 
motor learning. In contrast, MI has not to our knowl- 
edge been studied or reported in clinical neuropsychol- 
ogy in patients with injuries at different levels of the 
motor system. 

A variety of processes may be involved in MI, mainly 
visual and kinaesthetic (Denis 1989). Their selective par- 
ticipation seems to depend on the instructions given to 
the subjects, which may stress either visualization of the 
movement (third-person perspective) or its kinaesthetic 
feeling (first-person perspective). Furthermore, when a 
subject imagines in the first-person perspective and ex- 
periences the sensations arising in the actual movement, 
he/she can evoke a kinaesthetic "image" of it. This im- 
age is dynamic and it has been found that the timing of 
mentally executed movements is almost identical to the 
timing of actual movements and very stable in a given 
subject from trial to trial (Decety et al. 1989b). In nor- 
mal right-handed subjects required to write (actually) or 
to imagine to write (mentally) a given sentence, or to 
draw a Necker's cube, either with the right or with the 
left hand, it was found that, in the writing task, the men- 
tal left hand was slower than the mental right hand to the 
same degree as the actual left hand and the actual right 
hand. However, the right-left duration differences were 
only a tendency in the drawing task, which requires less 
graphic skill than does the writing and is also supposed 
to be more controlled by the right hemisphere (Decety 
and Michel 1989). This suggests that the duration time in 
both mental and actual conditions is determined, to a 
great extent, by both hemispheric specialization and 
manual proficiency. 

Studies reported by Jacobson in 1932 showed that 
some myoelectric activity (EMG) can be measured in 
the muscles involved by the imagery task. A recent study 
has confirmed this finding and indicated that the EMG 
activity during MI clearly shows a task-specific frequency 
distribution (Wehner et al. 1984). On the basis of these 
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results, we have deve loped  a neuropsychologica l  hypo-  
thesis which seeks to explain MI  in terms of  neural  struc- 
tures under ly ing the informat ion  processes involved 
(Dece ty  and Ingvar  1990). This hypothesis  assumes that  
during M I  the m o t o r  p rog ramme ,  considered as a rep- 
resenta t ion of  an act ion in which parameters  for  the 
execut ion are represen ted  (see J eanne rod  1988), might  
be " read  off".  As  Pickenhain  (1984) stated,  during MI  
the efferent  inpulses of  the complex  m o t o r  p r o g r a m m e  
reach all parts  of  the central  nervous  system which serve 
as sub -p rogramme effectors of  the whole  process of  real- 
ization. A t  the same time the real  m o v e m e n t  is being in- 
hibited. The  triggering of  the p r o g r a m m e  m a y  thus occur  
during M I  as well as during actual practice.  This would  
explain the relative equivalence in timing be tween  actual 
and menta l  m o t o r  per formance .  The  e lements  of  those 
mechanisms  may  thus be act ivated bo th  in MI  and in ac- 
tual behav iour  (Mac Ka y  1980; Kohl  and R o e n k e r  1983). 
Moreover ,  measurements  of  regional cerebral  b lood  flow 
( rCBF)  during M I  have shown the activation of  the sup- 
p lementa ry  m o t o r  area,  the thalamus,  the neos t r ia tum 
and the cerebel lum (Ro land  et al. 1980, 1985, 1987; De-  
cety et al. 1988, 1989a). There  is thus evidence that  MI  
and actual m o t o r  behav iour  share,  to some extent,  the 
same under lying neural  mechanisms.  

If  one  accepts that  the t iming of  menta l ly  executed  
actions can be used as a measure  of  the under lying neu- 
ral m o t o r  p r o g r a m m i n g  processes  in MI ,  then a re levant  
issue would  be to measure  the timing of  MI  in pat ients  
with brain injuries specifically affecting the m o t o r  sys- 
tem,  but  who  have no deficits in their ability for  visual 
imagery  and in their speech funciton.  In  addit ion,  while 
it is general ly accepted  that  certain effector  and receptor  
mechanisms may  subserve the conscious apprecia t ion of  
m o v e m e n t  (Kelso and Wallace 1978), one  can expect  a 
repor t  about  a sensation of  effort  accompany ing  MI,  as 
has been  observed  by Grandev ia  (1982) in muscular  pa- 
ralysis when  patients a t t empted  to move .  Therefore ,  
hemiplegic,  tetraplegic and paraplegic  patients were  in- 
vestigated.  

Patients and methods  

The timing of mentally executed movements was measured in 
three different tasks: signing, drawing and hopping. Patients were 
required to perform the tasks in two conditions: mentally and, 
when it was possible, actually. The movement time and the verbal 
reports were recorded. 

In order to avoid the effects of severe neuropsychological de- 
ficits, ten neurological patients (6 males and 4 females) were select- 
ed on the following criteria: unilateral lesions on CT, absence of 
aphasic, apraxic and verbal comprehension impairments and a 
good educational level (i.e. high school completed). All patients 
volunteered to participate in the present study. The average age 
was 28 years (SD 9.2). All patients were right-handed (LQ > 90) 
according to the Edinburgh handedness inventory (Oldfield 1971). 

The group consisted of three patients with right-sided hemi- 
plegia (cases 1-3), three patients with left-sided hemiplegia (cases 
4-6), two patients with paraplegia (eases 7, 8) and two patients 
with tetraplegia (cases 9, 10) (see Table 1). 

The selected patients were trained in mental imagery prior to 
the experimental session and they were tested as to their visual im- 
agery ability. None of them showed an impairment in visual orien- 

Table 1. Patient data 

Cases Sex Age Motor Clinical history 
(years) disturbance 

1 F 17 Right HP CI October 1986 
2 M 28 Right HP CI September 1987 
3 M 21 Right HP TAC July 1987 
4 F 28 Left HP VM October 1986 
5 F 47 Left HP CI March 1987 
6 F 33 Left HP CI October 1987 
7 M 40 PP TA July 1987 
8 M 30 PP TA March 1987 
9 M 20 TP TA June 1986 

10 M 23 TP TA August 1987 

HP, Hemiplegia; PP, paraplegia; TP, tetraplegia; CI, cerebral in- 
farction; TA, traumatic accident; VM, vascular malformation 
Cases 1 and 2 had initial transient and regressive phasic deficits, 
which resolved completely. Cases 3-5 were pure motor hemi- 
plegics. Case 6 initially had a left visuo-spatial neglect, which 
rapidly regressed, although a sensitive extinction has remained on 
the left side associated with a visual extinction in the double stimu- 
lation condition 

tation or in visual scanning, as shown in particular with Farah's test 
(1985) in which patients had to sort letters containing straight or 
curved lines. 

During the experimental session, patients were asked to per- 
form actually or mentally three different motor tasks: (1) writing 
their signature, (2) drawing a Necker's cube, and (3) hopping on 
one leg. Tasks 1 and 2 were performed either with the right or the 
left hand (when possible); task 3 was only performed mentally with 
either the right or the left leg, since none of the patients could ac- 
tually perform the tasks. 

Verbal instructions were given for each mental trial in the 
same presentation order, e.g. "Close your eyes, imagine that you 
are going to perform the drawing task. You have a pencil in your 
right hand, try to feel it, and, when you hear the signal (sound), start 
drawing the cube in your mind." 

Movement times were measured with a chronometer switched 
on/off by the experimenter. In the actual condition, the time was 
taken from the first contact of the pen on the sheet of paper until 
the last contact. In the mental condition, patients were required to 
close their eyes and start the task when they heard an auditory sig- 
nal and to open their eyes at the end of the task. The time was re- 
corded between the auditory signal (which was synchronized with 
the chronometer) and the patient's eyes opening. In the hopping 
task, the patients were instructed to visualize mentally a square 
(1.5 x 1.5 m) drawn on the ground and imagine standing on either 
the right or the left leg, then start hopping around the square at a 
given signal. 

In each of the three tasks (signing, drawing, hopping) and two 
conditions (actual/mental) 15 trials were performed. Conditions 
and tasks were randomized in order to avoid a block effect. Mea- 
surements were made for each patient at two different times sepa- 
rated by an interval of a week, in order to improve reliability. 

Results 

Statistical significance of  m o v e m e n t  times was analysed 
by pai red  t-tests (dr 14) within each pat ient  according to 
the hand  or  leg used,  be tween  actual and menta l  condi- 
t ions and be tween  right and left limb measurements .  



TaMe 2. Coefficients of variation (CV) and standard deviations 
(SD) in the actual and mental signing task (mean percent value in 
seconds) 

Actual Mental 

CV SD CV SD 

Right hand 7.52 (1.83) 7.81 (0.64) 
Left hand 7.06 (1.79) 6.65 (1.11) 
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Table 3. Coefficients of variation (CV) and standard deviations 
(SD) in the actual and mental drawing task (mean percent value in 
seconds) 

Actual Mental 

CV SD CV SD 

Right hand 6.47 (0.93) 7.04 (0.68) 
Left hand 6.01 (0.62) 6.65 (1.07) 

Time ( s e c )  TASK ~ "SIGNING" 
T ime ( s e c )  TASK 2 "DRAWING" 

I 

m 

Time ( s e c )  I C1 c2 C3 C4 C5 c6 c7 c8 c9 C10 
, r l  i i  I I  i 

RIGHT HEMIPLEGIA LEFT HEMIPLEGIA PARAPLEGIA TETRAPLEGIA 

Fig. 1. Mean movement times and standard deviation in seconds in 
the signing task. AMT, Actual movement time (NN) MMT, mental 
movement time (~);  0 AMT impossible; ~ MMT impossible 

T ime  ( s e e )  L r C2 C3 i i C4 C5 C6 i i C7 C8 i i C9 c10 r 

RIGHT HEMIPLEGIA LEFT HEMIPLEGIA PARAPLEGIA TETRAPLEGIA 

Fig. 2. Mean movement times and standard deviation in seconds in 
the drawing task. AMT, Actual movement time; MMT, mental 
movement time. (For explanation, see figure legend 1) 

Signing 

The intra-patient movement time variability within each 
condition appeared to be very small, as is illustrated in 
Table 2. 

The time required to perform the movement men- 
tally did not significantly differ from the time required to 
actually perform the movement (P > 0.10), but was de- 
pendent on whether the movement concerned the right 
or the left hand. In patients with right hemiplegia (C1- 
3), the right-hand movement times in both conditions 
(actual/mental) were significantly different and higher 
than left-hand movement times ( P <  0.001). Likewise, 
for the patients with left hemiplegia (C4-7), the left 
hand produced in both conditions a significant difference 
(P < 0.001). The inability of cases 2-4 to perform the ac- 
tual movement was due to persistance of the motor de- 
ficit. Nevertheless, they could perform the task men- 
tally. 

One patient with left hemiplegia (C6) was not able to 
perform the task with his left hand in both conditions. 

The paraplegic and tetraplegic patients showed a sig- 
nificant difference between the right and left hand, cor- 
responding to their motor proficiency handedness (P < 
0.001), as has been found in normal subjects (Decety 
and Michel 1989). 

Drawing 

The intra-subject variability was very small, as shown in 
Table 3. 

Mental movement times appeared similar to actual 
movement times for both hands (P > 0.10). The patients 
with right hemiplegia showed significant differences be- 
tween the right and the left hand in both conditions (P < 
0.001), the right hand always being slower than the left. 
In patients with left hemiplegia, the left-hand movement 
times were significantly longer than the right-hand move- 
ment times (P < 0.001). 

Patient C6 with left hemiplegia was not able to per- 
form the mental task with his left hand in any of the con- 
ditions. The paraplegics and tetraplegics showed a signif- 
icant difference between the right and the left hand, cor- 
responding to their handedness (P < 0.001). 

Hopping 

Since none of the patients were capable of standing up 
without help, the hopping task was only performed men- 
tally. Again, the intra-subject variability was very small 
(Table 4). 

The right hemiplegic patients were significantly slower 
when imagining hopping on their right than hopping on 
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Table 4. Coefficients of variation (CV) and standard deviations 
(SD) in the mental hopping task (mean percent value in seconds) 

Actual 

CV SD 

Right hand 5.21 (1.39) 
Left hand 5.89 (1.15) 

T i m e  { s e c )  TASK 3 "HOPPING" 

3 6  

q~ 
2o i:;: 

ii i 1 a ,2 iil 
(9 

4 
ii!i 

0 ilil 

s 

J 

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 
T i m e  ( s e c )  ~ , 

RIGHT HEMIPLEGIA LEFT HEMIPLEGIA PARAPLEGIA TETRAPLEGIA 

Fig. 3. Mean movement times and standard deviation in seconds in 
the hopping task. MMT, Mental movement time. (For explana- 
tion, see figure legend 1) 

their left leg (P < 0.0001). The opposite was observed in 
left hemiplegic patients, who were slower when hopping 
on their left leg, 

Again patient C6 did not perform the mental task 
when the left leg was involved. 

Paraplegic and tetraplegic patients showed a signifi- 
cant difference in mental movement times between the 
right and the left leg, which corrsponded to their domi- 
nant foot. 

Verbal reports 

After each session the patients were interviewed. Hemi- 
plegic patients reported spontaneously that they had 
a sensation of effort while they performed the mental 
tasks, and that it required more effort to imagine a 
movement with the paralysed limb. Some of these pa- 
tients also reported that they had a sense of falling sev- 
eral times when they were hopping mentally. Patient C6 
reported an inability to imagine any movements with his 
left hand and left leg. The reason for this inability could 
be due to a more global disorganization of sensorimotor 
integration, although the clinical recovery was compara- 
ble with the other patients reported in this study. The 
paraplegic and tetraplegic patients also reported a sensa- 
tion of effort accompanying the mental tasks. 

cation of the mechanisms involvement in MI, then the 
following observations might be made. 

Patients with supratentorial motor disturbance may 
also have an impairment in their cognitive ability to im- 
agine a motor act, as shown by the duration times for the 
tasks involving the paralysed limb. Patients with periph- 
eral lesions, however, were not different from the nor- 
mal subjects (Decety and Michel 1989). Hence, high 
level motor processes, presumably cortically localized, 
appear to interact with the information processing units 
which underlie the mental representation of motor be- 
haviour. 

The other main finding is that MI was accompanied 
by a sensation of effort, as in voluntary contraction of 
skeletal muscles (see Gandevia 1987). This was observed 
in all patients. Our study thus confirms and supports the 
finding of Gandevia (1982) that sensations of effort per- 
sist in patients with spinal transection, indicating that a 
signal can be generated centrally and that it can arise 
without either an afferent input from a paralysed limb or 
a recurrent signal from spinal motorneurons. 

Both the temporal feature of actions mentally rep- 
resented and verbal reports of a sensation of efforts lend 
support to an outflow interpretation of information pro- 
cesses underlying MI. It is therefore of interest to relate 
the present result to Gandevia's studies (1982, 1987) on 
central mechanisms responsible for the sense of effort in 
hemiplegia. 

It has also been hypothesized that timing mechanisms 
underlying motor and perceptual processes involve the 
same "internal clock" (Keele et al. 1985). One may sug- 
gest, on the basis of our preliminary results, that MI may 
involve the same clock mechanism as the actual motor 
behaviour. The "mental slowing down" observed in hemi- 
plegia does not necessarily imply disorder in the clock, 
since the intra-patient variability within each task was 
small. However, there might be an impairment in the 
central implementation of the clock. Further study is 
warranted to investigate this hypothesis. 

Finally, one would like to suggest that MI might also 
be helpful in physiotherapy as a method for facilitating 
recovery in situations where physical practice is difficult 
or precluded by paralysis circumstances. One can as- 
sume that improvement might occur, although its evalu- 
ation is difficult. MI could be seen as a strategy to set 
"mental goals" and to generate an internal dynamic rep- 
resentation of the intended movement. This may en- 
hance the flow of information processing which precedes 
the execution of the movement. 
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