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Abstract

Although no damage occurs in the brains of individuals with spinal cord injury, structural and functional reorganization
occurs in the sensorimotor cortex because of the deafferentation of afferent signal input from below the injury level. This
brain reorganization that is specific to individuals with spinal cord injury is speculated to contribute to the improvement
of the motor function of the remaining upper limbs. However, no study has investigated in detail the motor function above
the injury level. To clarify this, we designed an experiment using the handgrip force steadiness task, which is a popular
technique for evaluating motor function as the index of the variability of common synaptic input to motoneurons. Fourteen
complete spinal cord injury (cSCI) individuals in the chronic phase, fifteen individuals with lower limb disabilities, and
twelve healthy controls participated in the study. We clarified that the force steadiness in the cSCI group was significantly
higher than that in the control groups, and that sports years were significantly correlated with this steadiness. Furthermore,
multiple analyses revealed that force steadiness was significantly predicted by sports years. These results suggest that brain
reorganization after spinal cord injury can functionally affect the remaining upper limb motor function. These findings may
have implications in the clinical rehabilitation field, such as occupational rehabilitation of the upper limbs. They also indicate
that individuals with complete spinal cord injury, based on their enhanced force adjustment skills, would excel at fine motor
tasks such as manufacturing and handicrafts.
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Introduction below the lesion level (Freund et al. 2011). In recent years,
a growing body of evidence suggests that such functional
reorganization in individuals with traumatic complete spi-
nal cord injury (cSCI) involves neurophysiological changes
in the brain structure, resting state functional connectivity,
diffusion, spectroscopy, and brain metabolism (Solstrand
Dahlberg et al. 2018). For example, it has been well estab-
lished that the gray matter volume in the motor cortex leg
area of the primary sensorimotor cortex decreases (Freund
et al. 2011; Jurkiewicz et al. 2009), while the upper limb
and face area of the primary sensorimotor cortex are medi-

Complete deafferentation of the spinal cord results in signifi-
cant reorganization of the cortical regions around the domi-
nant areas of the sensorimotor cortex connected to the area
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ally displaced (Wrigley et al. 2009; Henderson et al. 2011).
Some studies have also reported an enhancement of func-
tional connectivity between the left and right hemispheres in
motor-related areas (Hou et al. 2016) and an improvement of
primary motor cortex activity (Sabre et al. 2016).

It is well known that brain reorganization in healthy indi-
viduals, such as cortical expansion and neural efficiency, can
contribute to motor function improvement (Callan and Naito
2014). This cortical expansion implies the unmasking of
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pre-existing synaptic connections (Floyer-Lea et al. 2006).
Unmasking is well-known as a compensation system in
the brain that results from decreased GABA levels. GABA
exhibits inhibitory functions and its reduction increases
functional connectivity between potential synapses (Floyer-
Lea et al. 2006). Such an increased synapse connection is an
important factor that improves motor function (Perrey 2013).
Regarding individuals with cSCI, as mentioned above,
the upper limb area of the primary sensorimotor cortex is
expanded. Accordingly, upper limb function in ¢SCI indi-
viduals may be higher than that in healthy ones due to the
expansion of the upper limb dominant area in the sensorimo-
tor cortex. However, it has not yet been determined how such
brain reorganization in individuals with spinal cord injury
contributes to motor function improvement of the remain-
ing body parts, such as the upper limbs. Previous studies on
motor function in ¢SCI individuals have mainly focused on
the paralyzed body parts (Capogrosso et al. 2016; Wagner
et al. 2018), with only few reporting on the remaining upper
limb function (Pernigo et al. 2012; Ionta et al. 2016). How-
ever, even though Ionta et al. (2016) focused on the ability
of hand recognition in cSCI individuals, it remains to be
determined whether there is a change in motor function of
the remaining upper limbs in ¢SCI individuals. Elucidating
details on the adaptation of upper limb motor function after
brain reorganization may have great implications in the clini-
cal rehabilitation field, such as occupational rehabilitation
of the upper limbs.

Reorganization in sensorimotor related areas can result in
a higher motor function of the upper limbs in ¢SCI individu-
als than in healthy individuals. To quantify this improvement
in upper limb motor function, we designed an experiment
involving a hand grip force steadiness task. This force steadi-
ness task is a well-known index for evaluating neuro-motor
control (Enoka et al. 2003; Saito et al. 2016) and an index
of the variance in the common synaptic input received by
motor neurons (Negro et al. 2009; Farina et al. 2016; Feeney
et al. 2017; Thompson et al. 2018). Therefore, force fluctua-
tion during the force steadiness task has been suggested to
reflect the state of the motor unit, such as discharge char-
acteristics, discharge times of individual motor units, and
cumulative activity of the recruited motor units (Enoka et al.
2003; Negro et al. 2009; Enoka and Duchateau 2017; Feeney
et al. 2017; Thompson et al. 2018). Several factors, such as
age, type and intensity of muscle contraction, and the indi-
vidual’s physical activity status can affect the coefficient of
force variation in this task (Enoka et al. 2003; Farina et al.
2016). Additionally, in recent years it has been noted that
force fluctuation can be affected by the cerebral cortex and
not only the spinal motor units. Some studies have reported
improved force steadiness through non-invasive brain stimu-
lation over the primary motor cortex (Massie et al. 2013;
Montenegro et al. 2016). Furthermore, Watanabe and Kohn
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(2015) revealed that force steadiness can be influenced by
cortical oscillations at frequencies at or above the beta band
by using biologically inspired mathematical models of the
neuromuscular system. This implied an effect of frequency
band resulting from cortical activity on force control. These
studies suggest that quantitative changes of motor command
from the brain via the corticospinal pathway induced by
plastic changes in the brain are important factors of force
fluctuation. Farina et al. (2016) suggested that force steadi-
ness has been used as a paradigm to compare motor control
because the determinants of force steadiness have been of
interest for decades. Therefore, quantifying this fluctuation
helps reveal the underlying general and physiological condi-
tion of the individual, and is considered as one of the best
evaluation indices for clarifying upper limb motor function
in ¢SCI individuals.

We aimed to evaluate force steadiness in ¢SCI individuals
in comparison to individuals with other lower limb disabili-
ties and healthy controls. We hypothesized that ¢SCI indi-
viduals would produce steadier force than healthy controls
and individuals with LLD.

Patients and methods
Participants

We conducted a hand grip force steadiness task for three
groups: ¢SCI individuals (¢SCI), individuals with lower limb
disabilities (LLD), and healthy controls (Healthy). We used
the LLD group to clarify the difference in the influence of
brain reorganization and that of daily use of the upper limbs
on upper limb performance. Since wheelchair users may use
their upper limbs more frequently than healthy people, their
performance in the force steadiness task may be higher than
that of healthy people. All participants in the ¢cSCI group
used a wheelchair in their daily life; therefore, their task
performance was thought to be influenced by both brain
reorganization and wheelchair use. Therefore, we measured
force steadiness in LLD individuals to determine the influ-
ence of wheelchair use alone. Fourteen cSCI individuals in
the chronic phase (49.4 + 5.8 years, 2 female), 15 LLD indi-
viduals (41.8 +14.1 years, 1 female), and 12 healthy controls
(30.8 +7.7 years, 5 female) participated in this study. Table 1
shows demographics and relevant clinical information for
each group. We recruited cSCI individuals and LLD individ-
uals using the following inclusion criteria: (1) no paralysis
in upper limb function and ability to apply force to a force
transducer in the hand grip configuration and (2) use of a
wheelchair in daily life and inability to move by standing or
walking. Moreover, we recruited patients who were perfectly
paralyzed (ASIA scale A, Table 1). Healthy controls did
not have any neurological disorder and had normal hearing
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Table 1 Population demographics and relevant clinical information for each group

Group cSCI

Subject Sex Age (years) Disease Lesion level ASIA Injury years Sports years Grip force (kg)
1 M 58 SCI Th7 A 37 30 57.3
2 M 49 SCI Th5 A 32 17 58.9
3 M 58 SCI Th 12 A 36 6 429
4 M 43 SCI L2 A 25 21 572
5 M 53 SCI Th 11 A 16 13 45.1
6 M 41 SCI Th 4 A 24 16 48.0
7 F 45 SCI L2 A 16 4 31.7
8 M 52 SCI Th 12 A 35 12 352
9 M 42 SCI Th4 A 25 24 454
10 M 55 SCI Th 12 A 36 4 41.3
11 M 55 SCI Th 10 A 32 30 55.0
12 M 46 SCI ThO9 A 17 0 333
13 M 49 SCI Th3 A 15 15 41.6
14 F 45 SCI Th 10 A 5 2 45.7
Group LLD

Subject Sex Age (years) Disease Lesion level ASIA Injury years Sports years Grip force (kg)
15 M 33 Spina bifida — — 33 20 41.9
16 M 40 Spina bifida — - 40 0 234
17 F 41 Spina bifida — — 41 0 31.0
18 M 30 Spina bifida — — 30 18 38.1
19 M 19 Spina bifida — — 19 3 42.6
20 M 28 Spina bifida — — 28 2 57.0
21 M 34 Femur head necrosis — — 4 0 374
22 M 34 Traumatic brain injury — — 17 10 429
23 M 39 Leukoencephalopathy — — 19 3 25.9
24 M 31 Cerebral palsy — — 31 0 33.0
25 M 64 Purulent spondylitis — — 3 3 43.3
26 M 60 Acute poliomyelitis — — 58 20 52.7
27 M 58 Stroke — — 8 3 35.9
28 M 63 Stroke — — 9 3 41.3
29 M 54 Stroke — — 6 4 39.7
Group healthy controls

Subject Sex Age (years) Sports years Grip force (kg)
30 M 27 8 44.8
31 M 27 18 432
32 M 24 5 40.3
33 M 23 14 372
34 M 26 10 39.1
35 F 24 7 28.2
36 F 51 0 234
37 F 35 2 30.4
38 M 34 0 54.1
39 M 33 8 413
40 F 33 4 35.0
41 F 33 3 359

ASIA American Spinal Injury Association impairment scale, cSCI complete spinal cord injury, LLD individuals with lower limb disabilities
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and vision. Prior to beginning the study, each subject read
and signed informed consent that was approved by Gradu-
ate School of Arts and Sciences (2018, no. 581-2-2), The
University of Tokyo, and was in accord with the Declaration
of Helsinki.

Data collection

Prior to the experiment, we collected basic information
using a questionnaire sheet for all subjects, including: (1)
medical history—all the diseases they had ever had; (2) date
of injury—when the main disease developed and the number
of years that had passed and (3) sports history—type of sport
played and the time spent playing after the main injury. In
addition, a physiotherapist evaluated the patients using the
ASIA impairment scale to assess injury level and severity
(Table 1).

During the experiment, subjects were seated in front of
an oscilloscope (National Instruments Japan Corporation,
Tokyo, Japan) that was placed at a distance of 80 cm in
front of the subjects with both arms flexed at the elbow by
70° while holding a gripping force transducer (FG-1002FA,
Uchida Electronics, Osaka, Japan). The oscilloscope was
set at 30° below the horizontal line to the eye of the subject.
Additionally, the orientation of the monitor was corrected
to face the front of the subject. When the hand and oscillo-
scope position were determined, the forearm was fixed with
a belt to maintain its position (Fig. 1). At the beginning of
the experiment, participants performed three brief handgrip
maximum voluntary contractions (MVCs) (3-5 s) with the
dominant hand. In the force steadiness task, we used four
target levels (2%, 10%, 30%, and 65% MVC) with each task
lasting 12 s from the point when the target was reached and
repeated in 3 trials in random order (i.e., 3 trials/per force
level, a total of 12 trials in about 15 min). After 3 trials for
each level, each participant had a 1-min break. The tasks
required the participants to move a cursor displayed on the
monitor by performing isometric handgrip contractions.
From a display, the subjects were able to see their actual
hand grip force in real time as a horizontal yellow line and
the required target force as a horizontal yellow dotted line.
During the task, individuals were instructed to maintain the
line of force to the target line as precisely as possible.

To precisely measure the force fluctuation so that the vis-
ual gain on the display is the same at each target level, a high
sensitivity (0.051 V/N) mode was used for contractions that
were less than 10% of the maximal voluntary contraction
(MVC) force, and a low sensitivity (0.013 V/N) mode was
used to measure contractions that were equal to or greater
than 30% of the MVC force. Force signals were digitized at
1000 samples/s using an analog-to-digital (A/D) converter
(Powerlab/16SP, AD Instruments, Castle Hill, Australia) and
stored on a computer.
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Fig. 1 Experimental setup. Brackets were attached to a 50-cm long,
20-cm wide, and 2-cm thick wooden base, and adjusted so that the
force sensor could be fixed at any position. The force sensor was fixed
before the experiment and placed on a desk. After the participant was
seated, the elbow joint angle was fixed at 70° flexion, the forearm was
placed in a neutral position, and the wrist was fixed with a detach-
able tape to restrict its movement. Subjects were instructed to gradu-
ally increase force exertion and to sustain the force line (bottom line
on the oscilloscope monitor) around the target line (the line above) as
steadily as possible for 12 s

Data analysis

For each task, the most stable 10-s data on the force, which
were obtained by extracting the part where the force signal
had the smallest standard deviation (SD), were used to cal-
culate the SD and mean force and assess the magnitude of
force fluctuation. Further, we normalized force fluctuation
to the magnitude of force by computing the coefficient of
variation [CV = (SD/mean) x 100].

All data are presented as mean + standard error (SE). The
R 2.8.1 (R Foundation for Statistical Computing, Vienna,
Austria) was used to analyze all data. Prior to statistical
analysis, Shapiro—Wilk normality tests were performed. The
CV data sets of each group were confirmed to be normal.
Furthermore, a mixed 3 (group) X 4 (target level) analysis of
variance (ANOVA) with repeated measures was performed.
All significant main effects or interaction were analyzed
using Tukey—Kramer post hoc tests. Moreover, univariate
relations between grip force control variables and injury
years, sports years, grip force and age were examined using
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Pearson’s correlation coefficient. The correlation between
the mean CV value of each target level and each factor was
examined. The level of significance was set at p <0.05. In
addition to correlation analyses, multiple regression analy-
ses (stepwise linear regression analyses) were conducted to
determine how much of the variance in CV could be pre-
dicted by each factor. Injury years, sports years, grip force,
and age were entered as independent variables.

Results
Force steadiness

There was no statistically significant difference in the MVC
values obtained prior to the start of the experiment among
the groups. Figure 2 shows the representative waveforms at
30% MVC in the cSCI, LLD, and Healthy groups. The wave-
form of the cSCI group exhibited fewer force fluctuations.

Similarly, the ¢cSCI group showed small fluctuations at other
target levels, irrespective of the target force level. The mixed
3 (group) x 4 (target level) ANOVA revealed a significant
main effect of group [F (2,40)=9.86, p=0.0004] and tar-
get level [F (3,40)=26.2, p=0.0001]. Moreover, there was
a significant interaction between group and target level [F
(6,40)=2.67, p=0.034]. We subsequently performed one-
way ANOVA tests at each level for post hoc comparisons.
Multiple comparisons (Tukey post hoc test) revealed that
the CV was significantly lower in the cSCI group than in the
Healthy group at all levels (2%: p=0.014, 10%: p=0.032,
30%: p=0.007, 65%: p=0.008) (Fig. 3). Furthermore, the
CV was significantly lower in the cSCI group than in the
LLD group at 10% and 65% level (10%: p=0.022, 65%:
p=0.005), but not significantly different at the 30% level
(Fig. 3). At 2% level, there was no significant difference in
the CV between the cSCI and LLD group, but; the Healthy
group had a higher CV compared to the cSCI and LLD
group (Fig. 3).

Target
cSCl line LLD Healthy
=30 ¢
S CV=0.445 CV=2.035
9
S
o
G
070 ~4 8 12 0 4 8 12 0 4 8 12
Time (s) Time (s) Time (s)

Fig.2 Representative waveforms during the isometric contraction at
30% maximum voluntary contraction force. These traces represent
handgrip force of cSCI (left), LLD (middle), and Healthy (right)
subjects; the horizontal gray dotted line indicates the target line. The
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Fig.3 Force steadiness of all groups. Mean+SE of the CV during
isometric contraction with four target forces (2%, 10%, 30%, and
65% MVC) compared between three groups (cSCI; white bar, LLD;
gray bar, Healthy; black bar). P <0.10 compared between LLD and

¢SCI waveform showed less fluctuation and maintained higher stabil-
ity. ¢SCI complete spinal cord injury, LLD lower limb disability, CV
coefficient of variation

30%MVC 65%MVC
k sk >k >k
2.0 20} ==
15 15
1.0 10} .
0.5 0.5
0 0

* %:p<.01

Healthy groups. *p<0.05, *¥p<0.01 compared between cSCI and
LLD and Healthy groups. ¢SCI complete spinal cord injury, LLD
lower limb disability, CV coefficient of variation, MVC maximum
voluntary contraction
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Correlations and linear regression

Pearson correlation analysis showed no significant relation-
ship between the injury years and CV in the cSCI (r=0.105,
p=0.696) and LLD group (r=— 0.351, p=0.198) (Fig. 4).
Similar results were obtained for grip force and CV in the
¢SCI (r=-0.505, p=0.052) and LLD group (r=— 0.247,
p=0.374) (Fig. 4). Furthermore, there was no significant
relationship between age and CV in the cSCI (r=— 0.073,
p=0.803) and LLD group (r=0.149, p=0.597) (Fig. 4).
However, we found significant negative correlations
between the sports years and CV in the ¢SCI (r=— 0.626,
p=0.009) and LLD group (r=— 0.607, p=0.016), but not
in the Healthy group (Fig. 4). In addition to these analyses,
the results of the stepwise regression revealed that only the
sports years could predict the CV in the ¢SCI (R=0.452,
p=0.008) and LLD group (R=0.369, p=0.016).

Discussion

The main findings of the present study were that the CV
during the handgrip force steadiness task was significantly
lower in the cSCI group than in the LLD (10%, 30%, and
65% MVC) and Healthy groups (2%, 10%, 30%, and 65%

a. cSCI

12
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MVC), and that CV was significantly predicted by sports
years. These results suggest that brain reorganization after
spinal cord injury can functionally affect the remaining
upper limb motor function. There was a significant age dif-
ference between the cSCI, LLD, and Healthy groups. At first
glance, it seems that the group differences are not aligned,
but this is more beneficial. It has been shown that aging
affects force steadiness, and young adults exhibit the high-
est steady isometric hand muscle contraction among all the
age groups (Enoka et al. 1999; Burnett et al. 2000; Laidlaw
et al. 2000; Vaillancourt et al. 2003). In our study, however,
the Healthy group of young adults (30.8 +7.7 years) had
the highest CV. Therefore, if we had recruited healthy con-
trol individuals that were age-matched to the cSCI and LLD
group, the difference in force steadiness between groups
would probably be more prominent. This implies that the
force steadiness of the cSCI group was especially good.
Previous studies have demonstrated that force steadiness
is affected by aging, disuse, fatigue, and training interven-
tion (Enoka et al. 2003; Saito et al. 2016). Furthermore,
excitation of the motor neuron pool determines the force
fluctuation (Taylor et al. 2003). Based on these findings,
it is logical to speculate that the cSCI and LLD groups
should exhibit a lower CV of force steadiness compared
to the Healthy group, due to the frequent upper limb usage
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Fig.4 Correlation among all groups. The correlation between the
mean CV value of each target level and injury years, sports years,
grip force, and age. The straight dotted line is shown only for signifi-
cant correlations. a, b The relationship between CV and injury years,
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sports years, grip force, and age in the ¢SCI (a) and LLD group (b).
¢SCI complete spinal cord injury, LLD lower limb disability, CV coef-
ficient of variation
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in daily living and the subsequent adaptation of the motor
unit. However, the results for both wheelchair groups were
clearly different, which indicates that the frequency of
upper limb usage cannot explain the results. Therefore, it
is possible that the higher central nervous system affected
the lower CV in the cSCI group. In ¢SCI individuals, the
afferent sensory signal input from below the injury level
is completely blocked (Freund et al. 2011) and the cortical
reorganization in the dominant area of the remaining body
parts has also been found to be larger in cSCI patients than
in patients with incomplete injuries (Lotze et al. 2006).
Further, the previous studies using animal models have
reported that drastic changes in the somatotopy in 3b area
could be induced in cSCI subjects compared with those
with incomplete injury (Jain et al. 1998; Aguilar et al.
2010). It is likely that complete blocking of the afferent
sensory signal increases the cortical response of the brain.
Herbert et al. (2007) used EEG to confirm that brain reor-
ganization is likely to occur for complete SCI individuals.
Significant and consistent decreased alpha wave (8—13 Hz)
and increased beta wave activity (13-30 Hz) were found
in the cortex of cSCI patients. Beta wave activity has been
shown to lead to an increase in the steady-state force gen-
erated by muscles (Watanabe and Kohn 2015). Therefore,
these findings suggest that the specific reorganization pro-
cess in cSCI patients contributes to the improved motor
function in the remaining upper limbs.

We had initially hypothesized that force steadiness would
spontaneously increase over time with brain and body adap-
tation after injury in the cSCI group. However, there was
no correlation between the injury years and CV in both
the ¢SCI and LLD groups. On the other hand, there was
a significant correlation between the sports years and CV,
especially in the cSCI group (Figs. 3, 4). Although correla-
tion does not imply causality, it is evident that there was a
decrease in CV with increase in sports years. This suggests
that sports exercise can promote motor function improve-
ment via brain reorganization. Many studies have revealed
that motor learning exercise can favorably affect structural
and functional plasticity in the motor cortex (Karni et al.
1995; Pascual-Leone et al. 1995; Pearce et al. 2000; Sam-
paio-Baptista et al. 2013; Taubert et al. 2015). A study on
spinal cord injury patients demonstrated that subjects with
exercise habits had a higher sense of self-ownership to rec-
ognize their upper limbs than those without exercise habits
(Pernigo et al. 2012). We considered that brain somatotopic
reorganization was caused by exercise repetition, efferent
signal output along with motor execution, and afferent signal
input by sensory feedback. In summary, (1) blocking afferent
sensory signal input can trigger brain reorganization, and (2)
repetition of body movements by exercise promotes plastic
changes in the central nervous system. We speculate that
the combination of these two significant features of plastic

changes contributed to the lower CV observed in the ¢SCI
group during the force steadiness task.

At 2% MVC intensity, there was no significant difference
in the CV between the ¢SCI and LLD groups, but it was
lower than that in the Healthy group, which was different
from the findings in other target levels. The force steadiness
task used in this study has been reported to monitor infor-
mation on the adjustment of the gripping force based on the
skin sensation signal of the fingertip (Macefield et al. 1996).
Although 2% and 65% intensity are the levels used experi-
mentally, 2% intensity requires little force output and more
sensitive sensory input feedback; therefore, the propriocep-
tive acuity is needed to hold the fingers in the same position.
If the finger’s position does not move, no fluctuation of the
force waveforms occurs. Elderly individuals were reported
to have a high CV of force in index finger abduction, elbow
flexion, and knee extension when performing a force steadi-
ness task at 2.5% MVC level, which was attributed to weak-
ening of their sensory acuity (Graves et al. 2000; Burnett
et al. 2000; Tracy and Enoka 2002). This is similar to the
results at the 2% level obtained in the present study. We
speculate that this tendency is due to increased sensitivity
in the hands of individuals in both the cSCI and LLD groups
given their daily use of wheelchairs.

Limitation of this study

We only measured the force output signal without obtaining
the neurophysiological index, and the study does not provide
any direct evidence on the correlation between high force
steadiness and brain reorganization.

In our next study, we plan to measure actual brain activ-
ity during a similar force steadiness task and compare the
results of ¢SCI individuals, LLD individuals, and healthy
subjects.

Conclusion

In conclusion, we were able to determine motor function
characteristics in cSCI individuals using the force steadiness
task. This study revealed that (1) ¢SCI individuals show a
lower CV during the force steadiness task than LLD indi-
viduals and healthy subjects, and (2) this improvement in
ability for force adjustment depends on long-term exercise,
but not the number of years since injury. These results sug-
gest that brain reorganization triggered by blocking afferent
sensory signal input can trigger brain reorganization and that
repetition of body movements by exercise contributed to the
greater force steadiness in the cSCI group. We speculate that
these features promote plastic changes in the central nerv-
ous system of cSCI individuals. These findings may have
great implications in the clinical rehabilitation field, such
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as occupational rehabilitation of the upper limbs. They also
indicate that individuals with complete spinal cord injury,
based on their enhanced force adjustment skills, would excel
at fine motor tasks such as manufacturing and handicrafts.
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