ABSTRACT. Compensation for the loss of postural
uitivity of the erector spinae (ES) muscle in spinal cord
Injured (SCI) subjects was investigated. All SCI sub-
|ects had clinically complete lesions below the T3 level.
lody disbalance was invoked by requiring sitting sub-
Jocts to execute reaching movements over individually
predetermined distances in a horizontal plane. Myo-
vlectric activity of the latissimus dorsi (LD) muscle and
{lie trapezius pars ascendens (TPA) muscle both in the
NC'T subjects and in controls was recorded. The body
lshalance was measured in terms of changes in the
position of the body centre of gravity. The effects of
witicipation for body displacement were examined by
viing the direction of the reaching movement. Our
results indicate that paraplegic subjects use both LD
nnd TPA to stabilize their sitting posture, in contrast
i non-disabled persons. Secondly, the movement an-
{lcipation is in general slower in persons with paraple-
gln. Furthermore, the paraplegic subjects showed con-
slderable impairments concerning the processing of
precued information prior to a goal-directed upper ex-
{remity movement.

Aey words: electromyography, motor preparation, paraple-
i, posture, reaction time, sitting.

Biomechanical and (neuro-)physiological phenomena
voncerning postural abilities of the non-motor im-
paired have been studied extensively and systemati-
eally in recent years (1,2, 3,4,5,6,7,8,9, 12, 14, 16,
17, 19, 26, 27, 28, 29, 34). Knowledge on impair-
ments in sitting posture and other sensori-motor
lunctions, however, is largely dominated by the ac-
guired clinical expertise of clinicians and paramedi-
cal staff in medical rehabilitation institutes. A func-
lional approach to sitting, relating a specific sitting
posture to an actual task or task performance, has
been formulated by Corlett et al. (10). Dynamic con-
trol of sitting posture prerequisites a time-dependent
xensory adaptation based on exteroceptive, proprio-
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ceptive and enteroceptive information and the capac-
ity to implement this information into the motor
system in order to cope with variable task-related
needs and demands. Complex sensory and motor im-
pairments, as seen in, for example, paraplegia, limit
optimal sensori-motor control and task performance.
This may consequently evoke compensatory mechan-
isms of motor control.

In the present studv mechanisms of compensatory
postural motor control during task performance in
spinal cord injured (SCI) persons were investigated.
Motor behaviour and task performance of these SCI
persons can be described either in terms of impair-
ments and disabilities, or, alternatively, in terms of
compensation and residual functions. Paraplegia con-
cerns a relatively well definable and more or less
stable pathology. Hence straightforward inferences
can be made concerning the loss of function due to
total or partial impaired spinal cord efference and
afference.

The aim of the present study is twofold. The first
major question concerning sitting paraplegic persons
is how the partial loss of postural activity of the
erector spinae (ES) muscle is compensated. In medi-
cal rehabilitation practice it is observed that paraple-
gic subjects with complete spinal cord lesions located
below segment T2 partially compensate the loss of
postural ES activity by increased activity of the latis-
simus dorsi (LD) muscle and the trapezius pars ascen-
dens (TPA) muscle. Both the cervical innervation and
the anatomical location of the LD and the TPA are
favourable in support of these clinical observations.
In non-paraplegic subjects neither the LD nor the
TPA is thought to participate in stabilising the spine
while maintaining an upright sitting posture.

The second major question concerns the extent to
which motor programming in medically rehabilitated
paraplegic persons still is impaired. Movement antici-
pation capacities of SCI persons in relation to postur-
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Table . The levels of complete spinal cord lesions

Level

T4 T5 Té6 T7 T& TI0 Tl TI2
Number of
subjects 2 1 1 1 1 1 1 7

al muscle activity are not well known. In non-motor
impaired subjects the movement precuing paradigm
has often been used to study movement anticipation
(11, 22, 23, 25). By using precued information rel-
evant to a subsequent motor action a subject may
reduce motor preparation time (i.e. reaction time) in
an attempt to increase performance. It is hypoth-
esized that paraplegic persons, although extensively
retrained, may still suffer from impairments concern-
ing motor preparation prior to selective, goal-directed
upper extremity movements. This may consequently
lead to decreased task performance, i.e longer reac-
tion times, in comparison to non-disabled persons.
In this study a reaching task similar to the one
described by Chari & Kirby (8) was used in a precue
choice reaction time task paradigm (23). Precuing a
movement was done by presenting visual information
which was linked to the possible location of a motor
response, i.e. a reaching movement in one out of six
predetermined directions. Restoring and keeping sit-
ting balance, a major function of the ES, and task
performance were the prime aspects of interest.

METHODS

Subjects

Eleven male and four female SCI subjects whose age ranged
from 14 to 57 years (mean = 34.3; SD = 11.8) participated in
this experiment. All subjects disengaged from an active medi-
cal rehabilitation process at least 10 months earlier (10
months— 15 years). The levels of spinal cord injury are given
in Table 1. Neither secondary pathology (e.g. pressure ulcers)
nor upper extremity impairments were present. All partici-
pants were thought to have an individual consistent sitting
pattern, acquired both during and after the medical rehabili-
tation period. All but two participants were right-handed.

A second group consisted of 15 healthy right-handed non-
disabled subjects (3 males, 12 females) 19-36 years of age
(mean = 22.3; SD = 4.9).

Task and apparatus

The subjects were seated in a multi-adaptable chair, either
exactly simulating their own wheelchair (as regards the SCI
persons) or simulating a normal office chair (5 deg. tilted, 7
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deg. reclined). Arm rests were either very low or removed. O
a table in front of them one central push button (X) and |
peripheral push buttons () in a semi-circle were mounted i
cither 30%, 60% or 90% of their individual maximal reacl
ing distance, as shown in Fig. 1. Table-leaf was at elbo
height. Button diameter was 38 mm. Positive contact forg
was about 2 N. Information relevant to the task was presenl
ed centrally on a standard IBM monochrome monitor (d
meter 33 ¢cm) at a distance of approximately 1.2 m.

Six squares that spatially corresponded to the six Y-button
were displayed. In the precue condition three “—" signs ajf
peared in either the three right or the three left squares durin
the warning signal (WS), pre-informing the subject on (|
location of the imperative stimulus (ISt). In the non-precu
condition “—" signs appeared in all six squares. The WS
displayed for 1 s. The ISt (i.e. one “W” sign displayed in ot
of the 6 squares) immediately followed the WS, The WS
one of three alternatives as shown in Fig. 2a—c.

The subject had to start each trial by pressing (and remall
pressing) the centrally placed button (X) with both hand
After 3 s the WS was displayed. The ISt marked the point
time at which the subject had to release the centrally placy
button (X') and move either his left or his right hand as fast i
possible to the Y-button corresponding to the location of th
ISt on the monitor. Subsequently he had to move back agall
as fast as possible in order to press button X again with boll
hands. Subjects were instructed not to lean on the push bul
tons while operating them. Intertrial interval (ITI) was §
least 3 s and could be continued indefinitely by not pressinj
the X-button after having reached towards a Y-button.

Three series, named A, B and C, in which reaching distang
was either 30%, 60% or 90% of the subjects individual max|
mal reach in all six directions (determined beforechand), wer
presented in random order. Each series consisted of 120 trial
randomly divided between two precue conditions (inform
tion during the WS or not) and six reaching directions, givin
12 possible reaching conditions to be executed 10 times eacl
Performance errors were detected and an “ERROR™ messay
was displayed for | s. Written instructions as to the task ani
the reaching movement were given at the start of the exper
ment. Subjects were given 12 training trials in advance |
order to become familiarized with the task. Each task se
took about 16 min. Time between task series was at least
min.

Bipolar EMG lead-off positions on the LD and the TP/
were determined by using low frequency electro-stimulatio)
(0.5 Hz, 2 ms block-impulse) of minimal intensity (3—5 mA
After light abrasion and cleaning with alcohol Ag-AgCl s |‘_
face electrodes (2 mm diameter) (Beckmann) were attach
Electrode distance was 30 mm. A reference electrode
attached at the lower anterior part of the tibia. EMG sig
were amplified, filtered (time constant 65 ms), negativ
rectified and subsequently A/D converted and stored on haig
disc using an AT&T 6300-AT (AT&T. Massachusetts) and |
LABMASTER data acquisition board (Scientific Solution;
Inc. Solon, Ohio). Sample frequency was 200 Hz. Sampl
time was 5 s, starting simultaneously with the WS. Signa
were analysed off-line. After each series an EMG-calibratiq
signal (20 V sinusoidal, 40 Hz) was recorded using a WAVE
TEK 187 generator (Wavetek, San Diego Inc, San Diego
California). Additionally the projection of the centre of grav
ity on the seat was recorded in order to quantify dynamil
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Fig. 1. Arrangement of the
experiment. X =central
button. ¥=peripheral but-
ton.

uitting-(dis)balance. Four dynamic force transducers were
mounted at four corners underneath the seat. Signals from
these force transducers were also A/D converted and stored
on disc similar to the EMG-signals. Two-dimensional pelvic
movement relatively to the seat was recorded using a GRAF-
AR GP-7 sonic digitizer (Science Accessories Co., South-
port, Connecticut) placed behind the subject. A sonic pulse
gencrator was attached to the sacrum using adhesive tape.
Insk presentation as well as the recording of reaction time
(11T (i.e. time between the onset of the ISt and the release of
button X), movement time (MT) (i.e. time to reach button
)'), task condition, possible task errors, pelvic coordinates
(") and trial number were executed on a second AT&T
(300-AT computer using a separate timer board and a 8255
VIA interfacing with other peripheral devices.

Data analysis

All individual trials were selected according to (@) subject
group, (b) reaching distance, (¢) reaching direction and (d)
vhe information. Trials in which task errors (i.e. wrong but-
lon press) or signal registration errors had occurred were
removed from further analysis as were trials with RT <125
ms or MT <20 ms. Resultant EMG and force transducer
upnals, individually offset corrected with respect to the ini-
il 200 ms epoch of the WS, were computed per subject
within a time-range of (MT—600 ms) to (MT+ 1000 ms).
I'his was the time-range in which a Y-button was pressed.

EMG signals were converted to pV. Force transducer signals
were converted to a so-called arbitrary force unit (AFU)
(AFU =Fx C). Similar overall group signals were computed
per group.

Per condition mean changes in EMG-values within a time-
range of (MT+0 ms) to (MT+ 200 ms) were computed, i.e.
mean EMG increment per second. In the above mentioned
time-range maximal disbalance was expected due to the
reaching movement and the subsequent return movement.
This was consistent with the changes in force transducer
signals recorded simultaneously as can be seen in the two
examples given in Figs. 3 and 4.

Per reaching distance two-way analyses of variance
(ANOVAs) with unequal cell numbers and with group and
reaching direction as factors were conducted on these mean
changes in EMG values. RT data were selected according to
reaching series, group and cue information. Two-way ANO-
VAs with unequal cell numbers (factors: group and cue infor-
mation) were used per task series.

RESULTS
EMG and force transducer data of 4 SCI and 2 non-
SCI subjects were discarded due to errors in recording
the calibration signals. Results of a task-error analysis
are given in Table II.

Scand J Rehaly Med 23
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Fig. 2. Warning signal display. (@) Warning signal display
with no precue as to the movement alternatives. (b) Warning
signal display precuing the left movement alternatives. (¢)
Warning signal display precuing the right movement alterna-
trves.

In both groups no significant differences in the RT
data between left precue and right precue conditions
were found. Consequently the RT data for these con-
ditions were pooled per group. Subjects from both
groups showed faster RTs in conditions containing
relevant information. Non-disabled persons showed
faster RTs in all cue conditions compared to SCI
persons. These results were observed in all series. as
can be seen in Fig. 5 and Table I11. In series B and C
significant interaction was found between the factors
group and information. In series A group versus cue
information interaction just failed to attain signifi-
cance (p=0.06).

Due to the method used to compute resultant EMG
and force transducer signals with MT as a reference
point in time, possible RT- and MT-dependent
changes in individual signal recordings were eliminat-
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Fig. 3. Force transducer signals of the SCI subjects. 95
confidence intervals of the group mean are given. Butld
Y5 is pressed at (=0 ms. AFU =arbitrary force un
(AFU = FxC). —, front/right; —, front/left; - -, badl
left; ----, back/right.

ed. No significant differences in EMG signals due
the factor cue information were found within (
time-range of (MT+0 ms) to (MT+ 200 ms). The
fore EMG data were pooled for the factor informi
tion. Mean changes in EMG activity and results frof
statistical analyses (two-way ANOVAs with factor
group and reaching direction) are presented in Table
IVand V.

Significantly larger increases in EMG activity in th
above mentioned time-range were observed in SC
subjects in all series with respect to both LDs anl
both TPAs, except for the left LD in series A and (i
left TPA in series C. Significant effects for reachin|
direction were found in the right LD in series B and |l
the left TPA in series B and C. Significant grou|
versus reaching direction interaction was only foun
in the right LD in series B and C, reflecting larg
augmentations in EMG activity of SCI subjects whill
reaching to the three right hand Y-buttons.

DISCUSSION

One aim of this study was to investigate how paraple
gics compensate for the loss of postural activity of thi
ES. A significant increase in EMG activity of the LI
and the TPA in SCI persons coincided with a time
range in which increased body disbalance was regig
tered by means of seat force transducers. Such stron|
EMG phenomena were not found in non-disablet
persons. An alternative explanation for these EM(
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{11, 4 Force transducer signals of the non-SCI subjects. 95 %
Aunlidence intervals of the group mean are given. Button Y5

W pressed at (=0 ms. AFU =arbitrary force unit
AL = FxC). —, front/right; —, front/left; ---, back/
Il - -, back/right.

lnereases is hand support while pressing a button.
However, this explanation can be rejected since in-
viensed EMG activity in paraplegic persons was si-
Innltaneously recorded in contralateral LDs and
| PAs. Excessive use of muscular force necessary to
Jless a button is also rejected as a possible explana-
lion for a number of reasons. Firstly no evidence for
Aieh actions, i.e. no significant increase in EMG ac-
livity of the LDs and TPAs due to button press force,
Was lound in non-disabled persons. Secondly positive

luble [1. Task error analysis (% of the total number of
Wals per series)

W1 = reaction time
.
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Fig. 5. Mean reaction time during all task series, 99% confi-
dence intervals of the group mean are given. —, non-SCI
subjects; ----, SCI subjects. a = A series, b= B series, c= C
series.

button contact force was approximately 2 N which is
relatively low. Finally subjects were explicitely in-
structed not to lean on the buttons during task perfor-
mance. Sex differences regarding body tissue compo-
sition, e.g. subcutaneous fat, may have influenced
between group EMG differences. In SCI persons, on
the other hand, an increase in the amount of subcuta-

Table III. Reaction time ANOVA statistics of A-C
series
DF = degrees of freedom, F = ANOVA F-value

Wrong button

RT <125 ms press
(%) (%)
A series
Al subjects 2.66 277
Non-SCI subjects 2.97 0.35
ll series
NI subjects L.11 1.66
Non-SCI subjects 2.02 0.47
{'veries
Nl subjects 1.66 1.11
Non-SCI subjects 2.26 0.47

[

DF F D

A series

Group 1 555.514 0.000
Info 1 79.091 0.000
Group xinfo 1 3.548 0.060
Residual 3275

B series

Group 1 504.359 0.000
Info 1 86.513 0.000
Group X info 1 15.263 0.000
Residual 3256

C series

Group 1 537.270 0.000
Info 1 97.534 0.000
Group x info 1 8,588 0.003
Residual 3208

Scand J Rehab Med 23
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Table IV. Mean EMG increase (in uVis) in A-C series

LD = latissimus dorsi, TPA = trapezius pars ascendens, L = left, R = right

SCI subjects (n=11) Non-SCI subjects (n=13)

LDL LDR TPAL TPAR LDL LDR TPA L TPAR

A series

Direction | +4.0 —14.6 —85.2 —211.4 —-5.0 —-1.2 +1.2 —-32.6
Direction 2 —13.2 -9.2 —101.2 —149.8 —4.0 —0.2 —26.6 —28.8
Direction 3 +4.8 -1.6 —-127.0 -=-257.4 -5.0 +1.4 —37.8 —-26.2
Direction 4 —11.2 —25.6 -704 —-200.2 —1.8 -0.2 —-2.8 —294
Direction 5 —12.8 -22.0 —422 =217.8 -3.2 +0.0 —6.6 —28.4
Direction 6 +7.6 —-34.2 —-26.8 —228.2 —4.2 —4.6 —4.4 —14.0
Mean —3.4 —18.8 —754 =210.8 —-38 -0.8 —12.8 —26.6
B series

Direction 1 —-17.2 —38.8 —26.6 —2717.8 —8.6 —1.8 —3.8 —-37.6
Direction 2 —14.8 —14.8 —-62.0 —196.0 —-6.2 —-1.0 —-51.2 —-29.4
Direction 3 —-14.2 —-9.4 —65.8 —316.6 —4.2 +0.2 =712 +2.8
Direction 4 —21.6 —24.4 -200 -—1784 -2.6 +1.4 +16.4 —42.2
Direction 5 -3.0 —33.8 —346 —263.2 —-5.4 +1.2 +8.6 -204
Direction 6 —6.8 —53.6 -57.0 —253.8 -7.0 -2.0 —-7.0 -32.2
Mean —13.0 —-29.2 —444  -247.6 —-5.6 —-0.4 —18.0 —31.6
C series

Direction 1 —11.8 —-2.6 —-256 —179.6 +3.6 7.8 —214 —3.8
Direction 2 =212 —7.8 —428 —113.0 -3.6 —8.6 —-934 —-27.8
Direction 3 -9.8 —14.2 —-53.0 =274.6 +3.2 —-34 —-70.6 —-4.0
Direction 4 —10.8 —47.8 +39.8 2376 —-42 +4.0 +122 —5.8
Direction 5 —6.0 —-26.4 +0.8 —182.8 —-11.0 +2.6 —18.2 —18.8
Direction 6 —12.0 —44.6 —-258 —264.2 -9.0 +2.8 —30.2 —-21.4
Mean —12.0 —24.0 —17.8 —=208.6 -36 —-1.8 —-37.0 —13.6

neous fat has also been observed. We argue that the
increased activity of the LD and the TPA in sitting
SCI subjects signifies compensatory postural adjust-
ment rather than activity related solely to upper ex-
tremity movements. OQur findings agree with clinical
reports on increased LD and TPA activity in sitting
SCI persons. No conclusive evidence as to the direc-
tion specificity of the mechanisms of compensatory
postural adjustment in SCI persons can be drawn
from the data concerning reaching direction and
group versus reaching direction interaction.

The second goal of this study was to investigate
whether motor response programming in SCI persons
is also impaired. During informative cues reaching
direction parameters were open for preprogramming.
RT results indicate that motor preparation occurs
both in SCI and non-SCI persons. These findings are
consistent with earlier reports (13, 18, 22, 23, 25, 31).
The SCI subjects however reacted slower in all cue
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conditions prior to a required selective, goal-directy
movement. Furthermore they seem not to be able |
prepare a required selective, goal-directed moveme;
as much as non-SCI persons. This is reflected in tl
significant group versus cue information interactiof
The relatively small reaching distances used in the
series and the associated small level of sitting disbal
ance may be the cause of the lack of interaction in tl
A series, although a tendency towards interaction ¢
be observed. Sex differences between groups, i
though present, cannot be used as an explanation ¢
RT differences. Noble et al. (21) and Welford (33) fa
example state that in choice RT tasks women tend |
have longer RTs than men of the same age. This is |
total opposition to our data concerning betwegs
group RT differences. Age differences between grouf
may have contributed to RT differences. However, ||
an other experiment by Vuurman & Seelen (32), con
sisting of a visual vigilance task, performed by th
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« lutissimus dorsi, TPA = trapezius pars ascendens, L = left, R = right, DF = degrees of freedom, F = ANOVA F-value

L

LDL LDR TPA L TPA R
DF F D F p F p F r
1 0.008 0.927 34.772 0.000 13.035 0.000 46.746 0.000
et ion 5 0.646 0.665 2.240 0.051 1.290 0.268 0.223 0.953
foup < direction 5 1.084 0.369 1.390 0.228 0.420 0.835 0.337 0.890
idual 276
| T
Lo 1 7.477 0.007 52.992 0.000 6.674 0.010 38.185 0.000
I(lltm on 5 0.863 0.506 2.657 0.023 4.743 0.000 0.226 0.951
o < direction 5 1.379 0.232 2.595 0.026 0.708 0.618 0.548 0.740
'lllldli;ll 276
1 5.900 0.016 19.698 0.000 1.001 0.318 38.148 0.000
i 5 0.737 0.596 0.970 0.437 3.574 0.004 0.301 0.912
Aloup < direction 5 1.010 0.412 3.951 0.002 0.440 0.821 0.882 0.494
Wonidual 276

e members of both groups, between group differ-
iees in mean RT amounted to 34 ms. Similar small
W1 in choice RT tasks between persons in their
Iwentics and thirties were found by Morikiyo et al.
(0) and Salthouse (24). Even RT differences of =9 ms
befween 18-24 year olds and 25-34 year olds are
Jnentioned by Welford (33). Between group RT dif-
lprences in our study range from 75 ms to 125 ms. We
yipue that these differences cannot solely be attribut-
il 1o age differences. Relating our RT results to the
Awo-stage model of programming, as proposed by
Mluugh et al. and Spijkers et al. (15, 30) we suggest that
Joth motor programming and program loading con-
Aeining upper extremity reaching movements may be
Ampaired in paraplegic subjects. An increase in RT in
piraplegics may be due to possible discrepancies be-
Aween the required (compensatory) motor control pa-
(umeters and the impaired postural motor system.
The regaining of postural stability, as a prerequisi-
lion to optimal upper extremity ADL, in sitting para-
legics may be improved both in time and in quality
during medical rehabilitation if specific sensorimotor
Aipining of the LD and the TPA is carried out addi-
Alonally to existing training programs. The recording
il movement preparation may be a sensitive and
linically useful method to assess the degree to which

SCI subjects can compensate or already have com-
pensated for the loss of postural motor control.
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