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Background. Motor imagery (MI) ability should be evaluated in selected individ-
uals with spinal cord injury (SCI) who can benefit from MI training in their rehabil-
itation program. Electrodermal activity seems to be a reliable indicator for assessing
MI ability. However, individuals with SCI have a variety of autonomic dysfunctions.

Objective. This study aimed to investigate electrodermal responses (EDRs) elic-
ited by MI.

Design. A cost-utility analysis of EDR above and below the lesion level in individ-
uals with complete or incomplete SCI (n�30) versus a control group of individuals
who were healthy (n�10) was used.

Method. The EDR was recorded above and below the lesion level during MI of a
drinking action. Duration, latency, and amplitude of EDR were the outcome
measures.

Results. Hand and foot EDR in the control group occurred with the same pattern
and similar latencies, suggesting a common efferent sympathetic pathway to sweat
glands of the hand and foot mediating a sympathetic skin response. Individuals with
SCI elicited responses above the lesion level. The EDR amplitude was correlated to
the lesion level and autonomic dysreflexia history. No foot response was recorded in
individuals with complete cervical and thoracic motor lesions. Foot response with a
lower amplitude and higher latency occurred in participants with incomplete motor
lesion, suggesting a link between the descending motor pathway and sympathetic
function.

Limitations. The small sample of individuals with incomplete SCI limits the
generalization of the results obtained at the foot site.

Conclusions. Electrodermal response above the lesion level may be a reliable
index for assessing MI ability in individuals with SCI. It is a noninvasive, user-friendly
method for clinicians to consider before enrolling individuals in MI training.
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Motor imagery (MI) is defined
as a dynamic state during
which an action is mentally

simulated from the first-person per-
spective with no associated overt
body movement.1 The first-person
perspective implies imagining action
from an internal perspective as if the
person is actually performing the
movement. It is considered to have a
large kinesthetic component, caus-
ing an individual to feel as if he or
she is performing the imagined
movement.1,2 Because systematic
reviews have shown the positive
effects of MI on motor recovery in
people with stroke,3,4 mental prac-
tice might be an effective additional
therapy for people with spinal cord
injury (SCI).5 People who benefit
from mental training should exhibit
high MI ability. It is essential, there-
fore, to evaluate the ability of indi-
viduals to create mental representa-
tions before integrating mental
practice into the rehabilitation pro-
cess. Due to the concealed nature of
MI, its ability and quality remain dif-
ficult to evaluate.

According to Jeannerod,6 MI repre-
sents the process of accessing the
intention to perform a movement
that may be carried out uncon-
sciously during movement prepara-
tion. Motor imagery and motor prep-
aration, therefore, share common
mechanisms and can be viewed as
functionally equivalent processes.7

As a result, it is not surprising that
movement execution and MI reveal a
high overlap of active brain regions.
Brain imaging methods, such as func-

tional magnetic resonance imagery
(fMRI) and positron emission tomog-
raphy, may identify areas in the brain
that are activated during MI with
high spatial resolution and provide
objective results regarding MI abil-
ity.8 In an fMRI study of individuals
with SCI, Alkadhi et al9 found
significant correlations between
enhanced activation in the primary
motor cortex and other mesial fron-
tal motor areas (known to be
involved in motor planning and
preparation)10 during MI of foot
movements and the vividness of MI,
as assessed by an interview. How-
ever, the authors selected only par-
ticipants deemed to have good MI
ability prior to the experiment using
the Vividness Motor Imagery Ques-
tionnaire (VMIQ).11 The VMIQ
mainly measures visual imagery
rather than MI (ie, no mention of
kinesthetic sensations in the instruc-
tions and an anchored rating scale in
terms of vision). Furthermore, the
poor temporal resolution of fMRI,
which relies on physiological phe-
nomena, makes it difficult to investi-
gate the functional organization of
the regions of cortical activation
involved in MI. Scalp-recorded
electroencephalograms (magneto-
encephalography) also have been
used extensively to investigate
MI,12,13 providing information on the
dynamic aspect of movement-related
activity of the involved areas in real
time due to its high temporal resolu-
tion. However, these techniques
have too poor spatial resolution to
provide information on the anatom-
ical structure of the neural networks
involved during MI. The use of mul-
timodal brain techniques may hold
promise for investigating MI ability;
however, these methods are expen-
sive and nonambulatory, making
them difficult for the therapist to use
during the rehabilitation program.

Other clinical techniques that are
easier to use have been used in the

last few years. Several psychological
questionnaires that are better
directed toward measuring MI com-
pared with the VMIQ are proposed
to evaluate the vividness of MI,14

such as the Movement Imagery
Questionnaire–Revised15 in people
who are healthy and the Kinesthetic
and Visual Imagery Questionnaire16

in individuals with stroke. However,
psychological tests often are consid-
ered too subjective because partici-
pants report their own representa-
tion of MI accuracy and need to be
correlated with more quantitative
tools. Mental chronometry is a reli-
able measure to estimate an individ-
ual’s ability to preserve the temporal
structure of movement during MI
because an isochrony between the
actual movement and the MI of the
same movement is found.17–19 A sim-
ilar temporal equivalence has been
established through a large variety of
motor tasks, albeit not systematic yet
still dependent on many external
influencing factors such as move-
ment duration20 and instructions,21

as well as movement difficulty.22

Although the chronometric method
is a reliable tool for assessing MI abil-
ity, interpretation of the results is not
always straightforward, and imagery
vividness is not considered when
looking at imagery times.

The use of physiological measures
that indicate psychophysiological
parameter changes during MI as well
as during actual execution may effec-
tively complement assessment of MI
ability.23 Peripheral physiological
indicators from the autonomic ner-
vous system (ANS) are an inference
of cognitive processes, thus guar-
anteeing a valuable procedure to
control efficient mental work.24–26

Representation of an action is
accompanied not only by activation
of cortical structures but also by
peripheral responses originating
from the central commands of the
ANS.27 Cerebral function may be
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investigated through ANS effector
activity at the peripheral level.28

Among ANS effectors, sweat glands
are innervated by sympathetic end-
ings only; thus electrodermal varia-
tions (ie, skin resistance) are not elic-
ited by the antagonist effect of vagal
endings. The electrodermal response
(EDR) is mediated by neural net-
works involving prefrontal, insular,
parietal cortices and limbic struc-
tures.29 Thus, EDR is a sensitive
psycho-physiological index of
changes involved in autonomic sym-
pathetic arousal that are integrated
with sensorimotor, emotional, and
cognitive states.30,31 Increase in an
individual’s arousal level elicits the
release of sweat within the sweat
gland ducts. This physiological reac-
tion induces a decrease in skin resis-
tance. As soon as an individual starts
to generate a mental representation
of movement, EDR is evoked.
Because EDR during MI resembles
EDR during actual execution (ie, sim-
ilar duration and latency and slightly
lower amplitude during MI), this is a
reliable method for assessing the
quality of arousal and for focusing
attention during the mental repre-
sentation of actions.24,32

However, SCI causes serious dys-
functions of the sympathetic ner-
vous system, which controls ANS
effectors, including the sweat
glands.33 Individuals with SCI could
exhibit particular electrodermal
activity during MI, thereby making it
difficult to use EDR as an index of MI
quality. The objective of this study
was to investigate whether EDR
might be recorded above or below
the lesion level while individuals
with SCI were performing MI. We
hypothesized that there would be
intact responses above the lesion
level in individuals with SCI com-
pared with a control group. We also
expected a damaged EDR or lack of
response below the lesion level in
individuals with SCI linked to the
neurological characteristics.

Materials and Method
Participants
Ten volunteers who were healthy
(mean age�36.4 years, SD�10.4,
range�19–57) and 30 patients with
SCI (mean age�37.9 years, SD�
12.3, range�19–60) took part in the
study after giving informed consent.
To be included in the experimental
group, individuals with SCI had to be
admitted to and follow their physical
therapy protocol at the rehabilitation
hospital after having sustained a trau-
matic SCI. Time from injury ranged
from 6 to 360 months, with an aver-
age delay of 100 months. The partic-
ipants’ sex was not a selection crite-
rion (at the time of the experiment,
only male patients were in the hos-
pital). All individuals with SCI
included in the study were able to
perform a grasping task with the
dominant upper limb. Patients with
severe spasticity34 and phantom limb
pain35 were excluded. The control
group comprised only male individ-
uals recruited through postings at
the rehabilitation hospital. None of
the participants were taking any
medication with known autonomic

effects. Individuals with psychiatric
complications were excluded. All
participants had to be right-handed
after the accident (by their own
admission and confirmed by the
Edinburgh Handedness Inventory
Questionnaire36).

A detailed neurological examination
was performed by a physician famil-
iar with this procedure. Individuals
with SCI were divided into 3 groups
according to the degree of complete-
ness and height of the lesion (Tab. 1)
using the American Spinal Injury
Association (ASIA) impairment scale
(AIS).37 Group 1 represented individ-
uals with cervical SCI classified as
AIS A, group 2 represented individu-
als with thoracic and lumbar SCI clas-
sified as AIS A, and group 3 repre-
sented individuals with SCI classified
as AIS B, C, and D. Unfortunately,
group 3 could not be divided accord-
ing to the lesion level due to the
small sample of individuals with
incomplete SCI. Twelve individuals
had previous autonomic dysreflexia
(AD) as specified in their medical
record. Autonomic dysreflexia is a

The Bottom Line

What do we already know about this topic?

Patients who benefit from mental training should have high motor imag-
ery (MI) ability. Therefore, MI ability should be evaluated in select indi-
viduals with spinal cord injury (SCI) who might potentially benefit from
MI training in their rehabilitation program. Although there is no unique
way to evaluate MI ability, complementary methods can be used to
evaluate an individual’s ability to create vivid and accurate motor images.
However, to date, clinicians lack an easy-to-use quantitative method for
assessing MI ability.

What new information does this study offer?

This study shows that recording electrodermal activity above the level of
the spinal cord lesion, a noninvasive and user-friendly method, may be
useful in assessing MI ability. This article also presents new information
about the sympathetic skin responses in relation to MI among people with
SCI.
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sympathetic dysfunction mainly
observed in patients with high-level
SCI. It is a result of the disconnection
of spinal sympathetic nuclei from
supraspinal centers, eliciting sus-
tained sympathetic outflow with
profuse sweating below the lesion

level.38 However, none of patients
with high-level SCI experienced AD
during the experiment. Demo-
graphic and diagnostic information
is summarized in Table 1.

Procedure
Participants were asked to physically
perform a self-paced drinking move-
ment with their dominant hand
before simulating the same sequence
mentally. The glass used was empty
and adapted for individuals with SCI
(ie, small and lightweight). The
height of the table was adjusted to fit
the anthropometric features of each
participant (ie, slightly below the
elbow level when sitting). This posi-
tion allowed the arm and the forearm
to rest on the table in a relaxed posi-
tion while waiting for a stimulus.
The glass was positioned 15 cm from
the starting point to ensure that the
participants performed the move-
ment under the same conditions (ie,
comparable elbow extension among
participants). Participants were
asked to grasp the glass on the table
and simulate drinking before return-
ing the glass to the starting position.
During the MI trials, participants
were instructed to mentally imagine
the movement they had just per-
formed, paying particular attention
to movement accuracy and mental
image vividness (ie, sensations and
visual cues). They had to perform MI
in the first-person perspective. The
participants were required to pro-
duce no concomitant body move-
ments and had to keep their eyes
closed during MI. During the exper-
iment, special care was taken to
maintain ambient room temperature
(24°–26°C). Additionally, all partici-
pants were protected from external
influences known to have an effect
on electrodermal activity or MI per-
formance (eg, stress, noise, shock,
bright lights).

EDR
Electrodermal activity was recorded
using in-house instrumentation (see
eAppendix, available at ptjournal.
apta.org, for details pertaining to the
recording system). Skin resistance
was used to analyze the EDR. Skin
resistance was recorded using a
constant-current method39 with two

Table 1.
Participant Characteristics

Patient Group Age (y)
Neurological

Levela
AIS

Classificationb
Months

Since Injury

Group 1 (complete cervical SCIc) 53 C7* A 210

23 C6* A 48

22 C5* A 13

44 C5–C6* A 48

36 C6–C7* A 16

59 C7* A 132

50 C6* A 302

28 C6–C7* A 18

42 C6* A 60

37 C5–C6* A 39

Group 2 (complete thoracic or
lumbar SCI)

38 T2 A 140

34 T4 A 193

31 T7 A 39

52 T4 A 17

33 T7 A 124

60 T5–T6 A 360

29 T6 A 120

25 T4 A 312

22 L1 A 36

55 L4–L5 A 72

Group 3 (incomplete SCI regardless
of the level)

33 T4–T5 B 155

38 T5 B 291

52 C7–C8* B 36

56 T4 C 6

32 C6–C7* C 96

29 C8 C 18

43 T1 C 16

19 C6 D 11

41 C6 D 54

21 T1 D 22

a Asterisk indicates patient with previous autonomic dysreflexia.
b American Spinal Injury Association (ASIA) impairment scale (AIS) classification: A�a complete lesion
where no motor function or sensory function is preserved below the lesion level in the sacral segments
S4–S5; B�an incomplete lesion where some sensory function is preserved below the lesion level,
including the sacral segments S4–S5, but no motor function is preserved; C or D�an incomplete
lesion where a portion of complete sensory function is preserved below the lesion level, including the
sacral segments S4–S5, as well as a portion of motor function.
c SCI�spinal cord injury.
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50-mm2 unpolarizable silver/silver
chloride electrodes (Clark Electro-
medical Instruments, Edenbridge,
United Kingdom). It is an exoso-
matic technique in which a very
small current is injected between 2
electrodes and skin resistance is mea-
sured during its passage. In the
study, resistance was measured with
10-�A direct current; current density
was 0.2 �A/mm2. A conductive paste
was applied to improve skin/elec-
trode contact, and the electrodes
were held in place by adhesive tape.
These electrodes were placed above
the lesion level. They were posi-
tioned on the second phalanx of the
second and third digits (palmar side)
of the nondominant hand40 of partic-
ipants in the control group and of
individuals with SCI below T1. Elec-
trodes were positioned on the neck
of individuals with SCI above T1,
based on the data by Matsunaga et
al,41 who recorded a similar EDR
response from nonpalmar and non-
plantar sites. Only latency was signif-
icantly shorter at the hand site
compared with the other sites.
Therefore, EDR recorded on the
neck site was considered as reliable
as EDR recorded on the hand site.
Electrodes also were placed below
the lesion level on the third metatar-
sal and on the dorsal area of the third
metatarsal in all participants. Resis-
tance measurements were carried
out using a high-rate common rejec-
tion mode differential amplifier. Sim-
ilarly, recorder inputs were in differ-
ential mode, and resistance circuit
supply was of the floating type. Skin
resistance to the current that passed
between the 2 electrodes corre-
sponded to the EDR. A significant
decrease in EDR was associated with
an increase in attention and arousal.

Six actual trials and 12 MI trials were
performed in a counterbalanced
order. The participants were blinded
to the type of trial (actual trial versus
MI trial) so that they could not antic-
ipate which type of trial they would

perform next, thus avoiding a learn-
ing effect. Each trial was separated
from the next trial by a rest period,
which never lasted less than 15 sec-
onds in order for the physiological
measure to recover its basal level (ie,
1 standard deviation).

Outcome Measures
The following EDR parameters were
analyzed: ohmic perturbation dura-
tion (OPD) (representing response
duration), response amplitude, and
latency. Response amplitude and
OPD were measured at the begin-
ning of the sudden drop of the EDR
curve elicited by MI or actual move-
ment and ended when the minimum
of the curve was reached following
this stimulation42 (further informa-
tion is presented in the eAppendix).
Response latency was the average
time between the stimulus and the
sudden slope drop. Because it had
been shown that response amplitude
depended on the prestimulation
value (or tonic level),43,44 amplitude
ratios were calculated by dividing
the response value (ie, the minimum
of the curve) by the prestimulation
value (ie, corresponding to the skin
resistance value just before the sud-
den drop). Therefore, a great ampli-
tude response corresponded to a
low amplitude ratio (see the eAppen-
dix for calculation details). All
responses longer than 1 to 3 seconds
following stimulus were considered
not to be elicited by that stimulus
and were excluded.45

Data Analysis
Shapiro-Wilk tests were carried out
first to verify whether the data from
our sample of participants followed
a normal distribution. The null
hypothesis that the data came from a
population with normal distribution
was verified. All participants elicited
an EDR above the lesion level. Con-
sequently, a 2-factor, repeated-
measures analysis of variance
(ANOVA) was performed to identify
differences across groups and tasks

above the lesion level, followed by a
Tukey post hoc test (��.05). Pear-
son correlation coefficients were
computed to associate the lesion
level and AIS to the EDR. Foot
responses were obtained in only 9
individuals with SCI and in all con-
trol participants. Therefore, a
2-factor, repeated-measures ANOVA
followed by a Tukey post hoc test
(��.05) was computed to compare
EDR recorded above the lesion level
and EDR recorded below the lesion
level across tasks and participants
who elicited foot EDR. Statistical
analyses were performed using SPSS
version 17.0 software for Windows
(SPSS Inc, Chicago, Illinois).

Results
Mean values (standard deviation)
above and below the lesion level in
each group are presented in Table 2.

Comparison of EDR Recorded
Above the Lesion Level Among
Groups
With respect to EDR latency, no
group effect (F3,36�0.77, P�.52), no
task effect (F1,36�0.75, P�.39), and
no group � task interaction
(F3,36�0.61, P�.44) were found.
The response latency of individuals
with SCI did not significantly differ
from that of the control group, irre-
spective of the task. As for OPD, no
group effect (F3,36�0.53, P�.66), no
task effect (F1,36�0.85, P�.36), and
no group � task interaction
(F3,36�2.20, P�.10) were found.
The neurological impairment did not
seem to modify EDR latency and
response duration above the lesion
level.

In terms of EDR amplitude, there
was no task effect (F1,36�0.85,
P�.36) and no group � task interac-
tion (F3,36�2.00, P�.17), but a sig-
nificant group effect (F3,36�4.79,
P�.007) was observed. A Tukey hon-
estly significant difference test
showed that the EDR amplitude ratio
was lower for the control group than
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for group 1 (P�.008) and group 3
(P�.03), irrespective of the task. No
significant difference was found
between group 2 and the other
groups. Thus, EDR amplitude was
lower in group 1 and group 3. A
significant correlation between the
lesion level and EDR amplitude ratio
was found during MI trials
(r2

1,38�.31, P�.001) and actual task
trials (r2

1,38�.26, P�.001). The EDR
amplitude tended to decrease with
the height of the lesion level (Fig. 1).
A significant correlation between AD
and EDR amplitude was revealed
during the MI (r2

1,38�.12, P�.026)
and the actual task (r2

1,38�.12,
P�.032). The EDR amplitude also
tended to decrease in individuals
with SCI and previous AD. No signif-
icant correlation was revealed
between EDR amplitude and AIS dur-
ing MI trials (r2

1,38�.09, P�.06) and
actual task trials (r2

1,38�.004,
P�.71).

Comparison of EDR According to
Recording Site
Foot responses were recorded in all
participants in the control group.
Foot site EDRs also were elicited in 2
individuals with complete lumbar
SCI (group 2) and individuals with
incomplete SCI (group 3), with the
exception of 3 participants with SCI

classified as AIS B. Individuals with a
complete cervical or thoracic motor
lesion (groups 1 and 2) had no foot
responses (Fig. 2). Interestingly,
responses below the lesion level
were absent in almost all participants
who had AD prior to the study.
Among individuals with SCI and pre-
vious AD, the only participant who
elicited foot responses was also the
only one with an incomplete motor
lesion.

Repeated-measures ANOVAs were
performed to compare EDR among
the recording sites across tasks in
individuals with SCI who elicited
foot responses and in the control
group. In the control group, no task
effect (F1,18�2.99, P�.09), no site
effect (F1,18�1.79, P�.19), and no
task � site interaction (F1,18�0.94,
P�.40) were found for EDR latency.
As for EDR amplitude, no task effect
(F1,18�0.66, P�.43), no site effect
(F1,18�1.02, P�.37), and no task �
site interaction (F1,18�0.80, P�.46)
were found. As regards OPD, no task
effect (F1,18�0.43, P�.53), no site
effect (F1,18�1.56, P�.23), and no
task � site interaction (F1,18�0.32,
P�.26) were revealed. Similar
responses were observed irrespec-
tive of the recording site and tasks.

Among individuals with SCI, there
was no task effect (F1,16�0.43,
P�.53) and no task � site interac-
tion (F1,16�1.33, P�.26), but a site
effect (F1,16�49.47, P�.001) for
EDR latency was noted. With respect
to EDR amplitude, no task effect
(F1,16�0.43, P�.53) and no task �
site interaction (F1,16�1.33, P�.26)
was observed, but a site effect
(F1,16�49.47, P�.001) was found.
As for OPD, no task effect
(F1,16�3.31, P�.09) and no task �
site interaction (F1,16�1.30, P�.29)
was observed, but a site effect
(F1,16�6.01, P�.02) was found. Lon-
ger latency, lower amplitude, and
shorter duration at the foot site were
observed during MI and actual move-
ment compared with the hand site.

Discussion
Comparisons Between
Individuals With SCI and the
Control Group
The purpose of this study was to
assess EDR in individuals with SCI
while performing MI compared with
a control group. First, EDR occurred
with the same pattern and similar
latency for both hand and foot sites
in the control group. These findings
confirm the results of previous stud-
ies that showed EDR may be elicited
from different recording sites in indi-

Table 2.
Mean Values (Standard Deviation) Above and Below the Lesion Level in Each Groupa

Group Task

Above the Lesion Level Below the Lesion Level

Latency OPD Amp Ratio Latency OPD Amp Ratio

Group 1 A 1.02 (0.03) 5.07 (2.01) 0.96 (0.01) . . .b . . . . . .

MI 1.17 (0.9) 4.81 (1.88) 0.97 (0.01) . . . . . . . . .

Group 2 A 0.94 (0.05) 4.73 (1.93) 0.95 (0.03) 2.28 (0.39) 2.47 (0.36) 0.97 (0.01)

MI 1.01 (1.15) 4.08 (2.05) 0.95 (0.01) 2.37 (0.20) 2.26 (0.42) 0.98 (0.01)

Group 3 A 0.71 (0.45) 5.17 (0.91) 0.96 (0.01) 1.93 (0.72) 3.86 (0.63) 0.96 (0.02)

MI 0.76 (0.33) 4.97 (0.66) 0.96 (0.02) 2.00 (0.48) 3.72 (0.94) 0.99 (0.01)

Control A 0.61 (0.39) 4.92 (2.06) 0.93 (0.03) 0.89 (0.28) 4.72 (1.09) 0.96 (0.01)

MI 0.70 (0.47) 5.11 (2.78) 0.94 (0.02) 0.98 (0.42) 4.31 (1.18) 0.95 (0.01)

a OPD�ohmic perturbation duration, amp ratio�response amplitude value divided by prestimulation value, A�actual task, MI�motor imagery.
b Ellipsis indicates no foot response; mean values for group 2 (only the 2 participants with lumbar spinal cord injury elicited foot electrodermal responses)
and group 3 (only 7 participants among 10 elicited foot electrodermal responses) below the lesion level.
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viduals who are healthy41,46,47 and
that MI may be an effective supraspi-
nal stimulus to assess EDR.27,48 Thus,
a common sympathetic supraspinal
efferent pathway to sweat glands of
hand and foot is believed to mediate
EDR. Moreover, the similarity in EDR
between MI and actual task suggests

that ANS activity is not inhibited dur-
ing MI, whereas motor command is
inhibited. This finding suggests acti-
vation of the anticipated function of
the ANS to perform the movement
during MI. It supposes a relative
independence of somatic and auto-
nomic commands at the level of the

central motor system, or at least, a
dissociation of somatic and auto-
nomic coprogramming during MI.
Although further studies should con-
firm this hypothesis, these results
confirm that ANS activity assessed by
EDR may be an effective index of
cognitive processes accompanying

Figure 1.
Effect of the lesion level (A) and the severity (B) of spinal cord injury on the amplitude of the electrodermal response recorded above
the lesion level. Great amplitude ratio�low amplitude response, r2�determination coefficient, AIS�American Spinal Injury Associ-
ation (ASIA) impairment scale, CTL�control group.
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MI and, therefore, may be a quanti-
tative measure for evaluating MI abil-
ity in individuals who are healthy.23

Second, an EDR was obtained in all
individuals with SCI above the lesion
level (neck or hand). Because the
sympathetic skin response is a
somato-sympathetic reflex with spi-
nal, bulbar, and suprabulbar compo-
nents,49 which is supposed to be
intact above the lesion, an intact
EDR was expected from the neck or
palmar sites. However, there may be
differences in EDR amplitude
depending on the lesion level
because individuals with a high
lesion level tend to have low EDR
amplitude. These results corroborate
those of Nicotra et al,50 who found
palmar EDR amplitude �50% of con-
trol participants in individuals with
SCI at T1–T4 and mostly �50% in
those with SCI at T6–T11. The sig-
nificant correlation found between
AD and responses may explain this
result because all participants diag-
nosed with prior AD had sustained a
high complete or incomplete cervi-
cal lesion and exhibited a lower
reflex activity of sympathetic
response. Nevertheless, further stud-

ies on this phenomenon with a
larger sample should be done to con-
firm this link between AD and low
sympathetic activity.51

Below the lesion level, the results
suggest a link with sympathetic func-
tion impairment (assessed using MI,
AIS, and AD history). All participants
with a complete cervical and tho-
racic motor lesion (AIS A and B) who
had AD prior to the study did not
elicit foot EDRs. All participants with
an incomplete motor lesion (AIS C or
D), including the participant with
prior AD, elicited foot EDRs, suggest-
ing a link between the descending
motor pathway and sympathetic
function in individuals with SCI.
Additionally, the lower amplitude
and greater latency in foot responses
compared with those of the control
group might suggest that the foot
responses perhaps were not con-
ducted through the same neurologi-
cal pathways as those of the control
group. Furthermore, the foot
responses elicited in 2 individuals
with a complete lumbar SCI suggest
that sympathetic pathways pass
mainly through the T8–T12 seg-
ments to the lower limb.

These results coincide with those of
a study by Cariga et al,52 who
observed a plantar EDR to supraspi-
nal stimuli in an individual with a
complete lesion at L1. Thus, lumbar
lesions may not disturb the sympa-
thetic outflow mediating the electro-
dermal activity to the lower limbs.51

However, a possible explanation is
that the SCI was not complete in
these individuals and the response in
the foot was mediated by residual
spinal fibers, which escaped the clin-
ical and electrophysiological testing
procedures. Nevertheless, in the cur-
rent study, the foot responses during
MI found in individuals with SCI
coincide with the findings of previ-
ous studies that used supraspinal
stimuli to elicit EDR52,53 and suggest
that connections with supraspinal

structures are essential for evoking
EDR. The spinal cord below the
lesion level may be isolated from its
supraspinal reflex center in a com-
plete cervical or thoracic motor
lesion.

Lastly, the main principle governing
the use of electrodermal activity to
assess MI ability is that autonomic
response patterns during MI should
resemble those recorded during
actual execution, making EDR a psy-
chophysiological marker of mental
rehearsal. This principle held true
for responses above the lesion level
in the control group and in individ-
uals with SCI. It has long been
known that imagery ability is subject
to a wide range of individual differ-
ences54 and may influence the
degree of improvement achieved fol-
lowing MI. This is why it is impera-
tive to measure imagery ability prior
to an imagery experiment or imagery
training program. Electrodermal
response should be used to follow
the effectiveness of mental rehearsal.
Combining electrodermal activity
with psychological and chronomet-
ric tests to compare MI ability of indi-
viduals with SCI with that of individ-
uals who are healthy will yield
relevant information for the integra-
tion of MI in rehabilitation programs.
Additionally, more information on
individual MI ability can be obtained
by using the ratio between
responses during actual movement
and responses during MI. Because
the objective of the present study
was not to assess MI ability but to
confirm the use of EDR as an indica-
tor of MI ability in individuals with
SCI despite their impairment, ratios
were not calculated.

Limitations of the Study and
Potential Clinical Research
Although this study provided a pre-
liminary, population-specific bench-
mark for investigating physiological
measures in individuals with SCI dur-
ing MI, there are some limitations

Figure 2.
Example of electrodermal response
recording during motor imagery (MI) of
the drinking movement performed by an
individual with a complete C6 spinal cord
injury. Although a response was observed
on the neck site, no response was
recorded on the foot site. Electrodermal
response values (k�) are on the vertical
axis. Time (seconds) is on the horizontal
axis.
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that should be taken into consider-
ation for future studies. The sample
of individuals with incomplete SCI
was too small and there might be a
confusing effect to take all levels in
the incomplete lesion group, sug-
gesting that the generalization of
results obtained in this group is lim-
ited. Further studies with a larger
sample should be done to confirm
the conductivity of autonomic path-
ways below the lesion level in indi-
viduals with incomplete SCI. How-
ever, because rather normal EDRs
were recorded above the lesion level
in all individuals with SCI, clinicians
may use the neck or hand as reliable
recording sites. Our results repre-
sent a first step toward the integra-
tion of MI in rehabilitation programs.
Because its use as an adjunct therapy
among individuals with SCI is rela-
tively new, strategies and guidelines
for clinical assessment are still being
developed. Additionally, further
studies with a larger sample should
be done to assess the habituation of
the response and reliability of MI as
stimuli, although some of our results
corroborated the findings of previ-
ous studies that used physiological
stimuli (eg, inspiratory gasp)55,56 or
electrical stimulation.52,53,57

Lastly, the lack of correlation
between AIS and sympathetic skin
responses underscored the need to
expand the impairment classification
to include ANS dysfunctions. Nor-
mell58 has already suggested that
sympathetic and sensory function
after SCI might be different in level
by 1 to 2 dermatomes. Thus, it is
possible that the extent of sympa-
thetic nerve damage does not always
follow that of somatic nerve dysfunc-
tion. To our knowledge, this is the
first time that sympathetic skin
responses in individuals with SCI
have been investigated during MI.
Other factors such ASIA motor and
sensitive scores and time from injury
may complement this study.

Conclusion
One of the main questions resulting
from experiments involving imag-
ined movements is how well MI is
performed. No external control is
available to verify whether individu-
als mentally perform the task accord-
ing to the instructions. As there is no
unique way to evaluate MI ability, it
is important to use complementary
methods to evaluate an individual’s
ability to create vivid and accurate
motor images. This study demon-
strates that electrodermal activity
may be an effective and quantitative
tool to assess MI ability in individuals
with SCI. The next step would be to
incorporate this method into MI
questionnaires and mental chronom-
etry to provide clinical assessment of
MI ability in individuals with SCI.
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