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Abstract

Study design Cross-sectional research.

Objectives To objectively evaluate grip force (GF) control while holding a freely movable object in individuals with cervical
myelopathy (CM).

Setting Harunaso Hospital, Takasaki, Japan.

Methods We studied 52 hands from 26 individuals with CM. Participants performed a grip-and-lift task by pulp pinch using
the thumb and index finger before surgery. We monitored individual finger GF (N) during the first 3 s while lifting and
holding an object. Correlations between the GF and other clinical tests were evaluated. A multiple stepwise regression
analysis was used to examine the contribution of the GF to the severity of clinical symptoms.

Results Thumb GF was negatively correlated with the 10-s test (rs = —0.32), and index finger GF was positively correlated
with its cutaneous pressure threshold (rs = 0.34). Multiple regression for the severity of upper extremity symptoms revealed
that the model including the GF had a larger adjusted R*> and a lower AIC value than that of conventionally used
clinical tests.

Conclusions These results suggested that the assessment of individual finger GF control could provide an indicator of the
clinical severity of upper extremity in individuals with CM.

Introduction

Cervical myelopathy (CM) is a condition caused by spinal
cord compression resulting from unspecified degenerative
changes and segmental instability [1, 2]. Individuals with
CM generally suffer from motor and sensory symptoms in
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the four limbs, such as clumsiness and paresthesia [3, 4].
Hand clumsiness is one of the most common complaints in
CM [5]. This hand dysfunction, also called myelopathy
hand, is characterized by motor weakness, exaggerated deep
tendon reflexes, loss of sensitivity, and difficulty in rapid
grip-and-release movement of the fingers [6, 7]. These
symptoms affect the functional independence of upper limb
performance in activities of daily living (ADL), such as
eating, dressing, and writing.

Several scales have been developed to assess clinical
deficits in individuals with CM. The Japanese Orthopedic
Association (JOA) score is one of the most frequently used
assessments, and focuses on neurological function of the four
extremities [8]. In addition to the JOA score, the 10-s test is a
simple test for evaluating hand disability. It is known that
patients with severe CM could only complete approximately
eight times, although able-bodied participants will complete
more than 20 cycles in 10 s [9]. However, movements in the
10-s test are quite different from the upper limb movements
in ADL, because the test focuses on total finger flexion/
extension rather than individual finger movement.
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Grip force (GF) control while holding an object is a
fundamental assessment of hand dysfunction. Exaggerated
GF is considered to be a strategic response to sensory
deficits [10] and decreased muscle activity caused by
damage to the corticospinal tract [11]. Akutagawa et al.
suggested that individuals with severe CM also tend to use a
greater GF by the three-point pinch by their thumb, index,
and middle finger to avoid dropping objects, compared with
moderate CM and able-bodied participants [9]. It is sug-
gested that exaggerated GF implies altered sensorimotor
control of grasping.

Evaluation of GF control, therefore, is necessary to
quantitatively and objectively measure hand dysfunction.
However, in contrast to numerous GF studies on stroke
groups [10, 12, 13], the characteristics of GF control in CM
and its relationship with clinical tests (e.g., sensation,
muscle strength, and hand dexterity) have not yet been
adequately discussed. The aim of this study was to evaluate
the kinetic characteristics of individual finger GF in CM
using a precision grip-and-lift task. We also investigated the
relationship between GF trace and other clinical tests.

Methods
Participants

We studied 52 hands from 26 individuals with CM (18
males and 8 females, 66.3 +12.6 years). The mean body
mass index was 24.2 +2.8 kg/m% Participants were diag-
nosed as having cervical spondylotic myelopathy (23 par-
ticipants) or ossification of the posterior longitudinal
ligament (3 participants), and all participants were waiting
for surgical operations. The median duration from symptom
onset was 12 months (IQR 4 to 60). Magnetic resonance
imaging was performed for all participants, and the results
showed cervical cord stenosis. Maximal cord compression
were at C3/4 in eleven patients, at C4/5 in seven, at C5/6 in
seven, and C6/7 in one. Based on the impairment scale
developed by the American Spinal Injury Association, all
individuals were in D scale; with motor function preserved
below the neurological level, and more than half of the key
muscles were of a grade greater than three. They were able
to walk with or without walking aid. The inclusion criteria
were (1) clinical diagnosis of CM and no history of cervical
spine surgery, (2) ability to perform the holding task with
the thumb and index finger, and (3) ability to follow com-
mands and having no visual disturbances or cognitive def-
icits. The exclusion criteria were (1) history of previous
cervical spine surgery, and (2) other disorders that might
impair grip-and-lift performance. Informed consent was
obtained from all participants prior to the study. To evaluate
the deficit of GF control in individuals with CM, data on 42
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hands from 21 able-bodied controls (3 males and 18
females, 22.0 +2.2 years) were also collected. The study
was approved by the University Ethical Review Board for
Medical Research Involving Human Subjects.

Grip-and-lift task

The experimental procedure was performed in accordance
with Westling and Johansson [14]. The participants sat on a
chair facing a height-adjustable table, and the finger pads
were wiped with alcohol swabs to reduce inter-individual
variability in finger skin friction. An iron cube (weight:
250 g, 31 x31 x31 mm) was placed on the support height
of 7.5 cm, and 30 cm from the participants in the midsagittal
plane. Verbal instructions were given to grip the cube by the
pulp pinch using the thumb and index finger, lift it ~5 cm,
and hold for ~5s (Fig. 1). The participants were also
instructed to use minimal force to perform the task. Before
each lift, participants were allowed to touch the cube with
minimal GF. The lifting tasks were repeated ten times for
each hand. A 5-s rest was taken between each lift, and a
5-min rest was provided between right and left hands. The
testing order for right and left hands was randomized.

Materials

Two pressure sensor sheets (Pressure Mapping Sensor
5027, Tekscan, South Boston, MA, USA) were attached to
the grip surfaces of the cube. Each sheet had a sensing area
of 27.9 by 27.9 mm with 1936 sensing elements (sensels)
distributed over 44 rows and 44 columns, a thickness of
0.1 mm, and a sensitivity range of 0-345kPa for each
sensel. Before each recording, the sensor sheet was equili-
brated and calibrated using the test instrument. The pressure
disturbance was recorded to detect the magnitude of GF by

Fig. 1 The grip-and-lift task. Participants gripped and lifted an iron
cube (a 250 g) using the thumb and index finger pulps. The iron cube
was placed on the support height of 7.5 cm, and two pressure sensor
sheets (b) were attached to the grip surfaces of the cube.
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using the I-Scan 100 System (Nitta, Japan) at a frequency of
100 Hz in 8-bit resolution. For each lift, the GF was cal-
culated from the sum of the pressure in all 1936 sensels
during the first 3 s since the force of 0.5N was initially
loaded on a sensel.

Clinical tests

Other clinical tests were performed in random order sepa-
rately from the grip-and-lift task 1-9 days prior to the sur-
gery. The severity of physical disability was assessed using
the latest version of the JOA score in Japanese [8]. This
scale consists of six domains scores: motor dysfunction in
the upper extremities, motor dysfunction in the lower
extremities, sensory function in the upper extremities, sen-
sory function in the trunk, sensory function in the lower
extremities, and bladder function. The minimum total score
is 0 and the maximum is 17. Although the JOA score
includes functions of the lower extremity and bladder, some
studies have employed pertinent sub scores of upper
extremity function from the JOA score in isolation [9, 15].
In accordance with these studies, we selected the sub score
related to finger motor function from the JOA score, and
defined it as JOA-UEEF for the purpose of the present study.
The JOA-UEF is assessed from O to 4 points: 0 = unable to
feed oneself with any tableware, including chopsticks, a
spoon, or fork, and/or unable to fasten buttons of any size;
1 = can manage to feed oneself with a spoon and/or a fork
but not with chopsticks; 2 =either chopstick feeding or
writing is possible but not practical, and/or large buttons can
be fastened; 3 =either chopstick feeding or writing is
clumsy but practical, and/or cuff buttons can be fastened;
4 = normal.

The maximum grip strength was measured with the
Smedley Grip Tester (Gopher, Owatonna, MN, USA), and
pinch strength between thumb and index finger was mea-
sured with the JAMAR Hydraulic Pinch Gauge (Petterson
Medical, Warrenville, IL, USA). The cutaneous pressure
threshold of the central areas of the thumb and index finger
pulps was assessed with Touch Test Sensor Evaluators
(North Coast Medical Inc., Morgan Hill, CA, USA), which
apply standard calibrated forces of 0.07, 0.4, 2.0, 40, and
300 g, respectively. The lowest perceived monofilament is
considered normal, and higher monofilament forces indicate
the severity of sensory disturbance. In the 10-s test, indi-
viduals were asked to perform full grip-and-release with the
hands as fast as possible, for 10s. Dexterity function was
also assessed by three subtests (numbers 8, 9, and 10) of the
Simple Test for Evaluating Hand Function (STEF) [16].
These three subtests required participants to manipulate
various small objects. For example, in subtest 8, participants
reach and pinch a circular disk (3 cm in diameter and 1 cm
thick) and then bring the disk into a target space as quickly

as possible, repeating this process six times. The time to
complete each subtest was used for statistical analysis.

Statistical analysis

This study was cross-sectional study to investigate whether
GF control provide an indicator of the clinical severity of
upper extremity in individuals with CM.

Difference between the CM and the control groups was
examined using Mann—Whitney test. Associations between
individual finger GF and other clinical tests were examined
with Spearman’s rank correlation. To determine which
variable best predicted the severity of clinical symptoms, a
stepwise multiple regression analysis was performed with
the JOA-UEEF as the dependent variable, and individual GF,
grip strength, pinch strength, the 10-s test, and time of
STEF as the explanatory variables. Goodness of fit was
determined using adjusted R* and the Akaike information
criteria (AIC). The AIC provides a way to relatively com-
pare models that have different input variables. The pre-
ferred model is that with the lowest AIC value. The
statistical software SPSS ver. 25.0J for Windows (SPSS
Japan, Tokyo, Japan) was used for the analysis. Values of
p <0.01 were considered significant.

Results

The mean JOA score in individuals with CM was 11.1 +2.3
points, and the JOA-UEF was 2.5 + 0.8 points.

Table 1 shows the results of comparison between the CM
and the control groups. In individuals with CM had sig-
nificantly larger GFs than control group, although grip/
pinch strengths were not significantly different.

The results of correlations between the GF and upper
extremity functional tests in individuals with CM are shown
in Table 2. The GFs were significantly correlated with the
JOA-UEF and time of STEF. Moreover, the 10-s test was
negatively correlated with thumb GF, and cutaneous
threshold pressure of the index finger was positively asso-
ciated with the thumb and index finger GF.

To further investigate whether the GF could explain the
clinical symptoms in addition to the conventional clinical
tests, a stepwise multiple regression analysis was performed
with two models (Table 3). Model 1 with conventional
clinical tests showed that the JOA-UEF could be predicted
by the time of STEF (8 = —0.56, p <0.01); the adjusted R?
value was 0.30 and the AIC value was —46.76. Model 2, in
which finger GFs were included in addition to the inde-
pendent variables used in Model 1, revealed that the time of
STEF (f = —-0.42, p <0.01) and thumb GF (= —0.35, p<
0.01) were significantly associated with the JOA-UEF; the
adjusted R* was 0.39 and AIC value was —52.89.
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Discussion

We found that deficit of GF control was associated with the
severity of hand dysfunction in CM. Moreover, it was found
that the thumb GF was correlated with the 10-s test, and
index finger GF was correlated with its cutaneous pressure
threshold.

The multiple regression model for predicting JOA-UEF
incorporating the grip-and-lift task had a larger adjusted R*
and the lower AIC value compared with only the commonly
used clinical tests (Table 3). Moreover, we also found that

Table 1 Summarized data from precision grip-and-lift task and
conventional clinical tests.

CM group Control group P value
(n=152) (n=42)
Mean (SD) Mean (SD)
Grip force during the first 3 s (N)
Thumb 1367.1 (979.3) 728.3 (360.6) <0.01
Index finger 1498.7 (1033.6)  772.6 (375.7) <0.01
Grip strength (kg) 259 (9.6) 28.5 (8.0) 0.11
Pinch strength (kg) 3.9 (1.8) 3.3(0.7) 0.19
10-s test (number) 16.0 (4.2) - -
Cutaneous pressure threshold (g)
Thumb 2.2 (7.8) 0.1 (0.0) <0.01
Index finger 1.2 (5.6) 0.1 (0.0) <0.01
STEF (s) 42.5 (12.3) - -

Mann—Whitney test
STEF Simple Test for Evaluating Hand Function

GF was associated with the JOA-UEF, which focuses on the
severity of upper limb movements in ADL. This grip-and-
lift task is a sensitive measure for assessing grasping dis-
ability in individuals with central nervous system disease.
For example, the GF of the paretic hand is significantly
increased compared with the nonparetic hand in stroke [17].
An unnecessarily high GF was used to avoid dropping
objects in individuals with CM compared to able-bodied
controls [9]. In our previous study, GF was significantly
correlated with STEF subtest times [18]. Our results are
consistent with these previous studies. It is thought that
compression of the spinal cord leads to impairments of GF
control, and affects upper extremity performance. There-
fore, it is reasonable to consider the deficit of GF control as
one of the clinical symptoms of CM.

Although sensory disturbance is also a clinical symptom of
CM [19, 20], it was not significantly associated with the JOA-
UEF. This finding may be explained by the methodology of
JOA-UEF. The score is based on assessments of upper
extremity performance in daily living, such as eating with
chopsticks or a spoon and dressing [9, 15]. The participants
had no visual problems, and therefore could perform these
movements using visual compensation. Akutagawa et al.
reported that people who suffer from CM apparently failed to
maintain GF with their eyes closed [9]. Future studies should
consider the performance of daily actions without visual
compensation (e.g., taking coins out from a wallet).

Another key finding of the study was correlations
between kinetic parameter and clinical test. We found that a
negative correlation between the 10-s test and thumb GF
(Table 2). Hand dysfunction is well-represented by thumb

Table 2 Correlations between the GF and upper extremity functional tests in individuals with cervical myelopathy.

JOA-UEF Grip strength Pinch strength 10-s test Cutaneous threshold STEF
Thumb Index finger
s P value rs P value rs P value rs P value rs P value rs P value rs P value
Grip force
Thumb —-0.44 <0.01 —-0.22 0.12 -0.21 0.13 —-0.32 0.02 0.24 0.09 0.37 <0.01 0.46 <0.01
Index finger —0.39 <0.01 —-0.12  0.39 —0.11 0.44 —-0.23 0.10 0.17 0.18 0.34  0.01 0.36  0.01

JOA Japanese Orthopedic Association, UEF upper extremity function, STEF Simple Test for Evaluating Hand Function

Table 3 Results of multiple regression analysis for predicting JOA-UEF score.

Dependent Adjusted R*  AIC value Explanatory Standardized f P value
variable variable
Model 1: conventional clinical tests JOA-UEF 0.30 —46.76 STEF —0.56 <0.01
Model 2: conventional clinical tests + grip- JOA-UEF 0.39 —52.89 STEF —0.42 <0.01
and-lift task
Thumb GF —0.35 <0.01

JOA Japanese Orthopedic Association, UEF upper extremity function, AIC Akaike information criteria, STEF Simple Test for Evaluating Hand

Function, GF grip force
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motor impairment, because the thumb position plays a key
role in hand function [21]. Animal experiments in monkeys
following spinal pyramidotomy showed that the thumb
movement was not sufficient while manipulating objects
[22]. Also, the force direction of the paretic thumb shows
more deviation than the index finger [17, 23]. In CM, longer
conduction times are reported in the abductor pollicis brevis
[4, 24]. These results suggested greater presence of corti-
cospinal projections to the thumb muscles than to the index
finger.

Index finger sensory function was found to be sig-
nificantly correlated with finger GFs (Table 2). This result is
consistent with a previous study that reported the index
finger sensory function correlates with finger muscle
activity during precision gripping in individuals with spinal
cord injuries [25]. These observations may suggest that
tactile afferent information in fingers, especially index fin-
ger may contribute to the GF control. Evaluating separately
individual finger function is, therefore, necessary for
improved understanding of hand dysfunction in CM.

Several limitations of the present study should be
acknowledged. Firstly, the individuals’ recovery over the
long term was not monitored. To analyze the recovery
process of precision grip function, a future study mon-
itoring postoperative changes should be considered. Sec-
ondly, the tactile feature of the sensor sheet and
contribution of vision were not considered in this study. It
was known that the GFs varied with surface structure
including surface roughness and the friction [26], and
visual information [9]. It was possible that these conditions
could influence the sensorimotor control of grasping.
Thirdly, we could not exclude learning effect over ten trials
while gripping and lifting the cube. Fourthly, we did not
monitor wrist movements using a motion capturing system
during the task. It was known that individuals with CM
tend to compensate for the impaired finger motions with
paradoxical wrist motion [7]. Therefore, the relationships
between symptom of the wrist movements and GF remain
unclear. Finally, we used JOA-UEF to assess the severity
of clinical upper extremity symptom. It was reported that
the sensitivity to change of the JOA score was likely to
poor, because this scale classifies wide range of clinical
severity using only a few arbitrary units [27]. In the future,
we need to use more sensitive and comprehensive upper
extremity function assessment tools such as the Graded
Redefined Assessment of Strength, Sensation and Prehen-
sion [28].

This study demonstrated that the model including GF
control had the larger adjusted R* and the lower AIC than
that of conventionally used clinical tests, suggesting that the
GF during grip-and-lift task was useful for assessing in
individuals with CM. In terms of the motor examination, in
the upper extremities, muscle strength has traditionally been

widely used in clinical settings. Although the muscle force
output is a good clinical parameter to measure the level of
upper extremity weakness, it does not provide the infor-
mation on functional use of the upper extremity. Compared
with that, the GF control during grip-and-lift task provides
the information on the ability to modulate muscle activity,
indicating fundamental basis of hand function. Thus, the
ability to grip in individuals with CM may be an important
indicator of the functional use of the upper extremity. Based
on the study, we conclude that the assessment of individual
finger GF control could provide an indicator of the clinical
severity of upper extremity in individuals with CM. This
new knowledge may improve our understanding of upper
limb performance for early diagnosis and rehabilitation
progress in CM.

Data availability

The datasets generated and analyzed during the current
study are available from the corresponding author on rea-
sonable request.
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