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Abstract

BACKGROUND CONTEXT: Despite the prevalence and importance of myelopathy, there is a
paucity of objective and quantitative clinical measures. The most commonly used diagnostic tools
available are nonquantitative physical exam findings (eg, pathologic reflexes, and gait disturbance)
and subjective scoring systems (eg, modified Japanese Orthopaedic Association [mJOA]). A
decline in fine motor coordination is a hallmark of early myelopathy, which may be useful for
quantitative testing.

PURPOSE: To identify if a novel tablet application could provide a quantitative measure of upper
extremity dysfunction in cervical spondylotic myelopathy.

STUDY DESIGN/SETTING: Prospective cohort study Patient Sample: Adult patients with a
diagnosis of cervical spondylotic myelopathy from a board-certified, spine surgeon were compared
with age-matched, healthy, and adult control patients. Outcome Measures: Self-reported function
was assessed via the mJOA. Upper extremity function was measured via the fine motor skills
(FIMS) tablet test.

METHODS: Subjects and controls prospectively completed the mJOA paper survey and the FiMS
tablet testing, which consisted of four challenges.

RESULTS: After age-matching, 65 controls and 28 myelopathic patients were available for com-
parison. The mean mJOA was 13.5 £ 2.9 in the myelopathic cohort and 17.3 & 1.1 in the control
cohort (p < .0001). The average scores for challenges 1—4 in control patients were 24.4, 16.3, 3.2,
and 6.6, respectively, whereas the average scores for the myelopathic patients were 16.6, 10.5, 1.4,
and 1.8, respectively (p values for all four challenges <.001). Based upon the 15 control subjects
who repeated FiMS testing four sequential times, intrarater reliability was excellent, yielding an
interclass correlation coefficient of 0.88

CONCLUSIONS: The FiMS tablet application produced significantly lower scores in a myelo-
pathic cohort when compared with an age-matched control cohort. This is true for all four chal-
lenges in the FiIMS tablet application. The test can be completed in 1.5 minutes, producing a
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reliable, quantitative measure of cervical myelopathy upper extremity function. In summary, the
FiMS tablet application is a novel, easily administered, objectively quantifiable test for analyzing
cervical spondylotic myelopathy. © 2018 Elsevier Inc. All rights reserved.
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Introduction

Cervical spondylotic myelopathy (CSM) is the leading
cause of spinal cord dysfunction in the adult population
[1—4]. Despite the prevalence and importance of myelopa-
thy, there is a paucity of objective and quantitative clinical
measures for patient analysis. The most common diagnostic
tools available to the physician are nonquantitative physical
exam findings (eg, pathologic reflexes, and gait distur-
bance) and subjective scoring systems (eg, modified Japa-
nese Orthopaedic Association [mJOA], Nurick scales)
[3,5,6]. The lack of an easily performed, objective, and
quantitative diagnostic tool for CSM has hindered research
and clinical progress.

With the aim of better classifying CSM, diagnosing the
condition earlier, and improving clinical outcome measure-
ments, we developed a novel tablet application to test fine
motor skills (FiMS) in the hand and upper extremities. A
decline in these FiMS is an early hallmark of CSM. We
developed a novel tablet application with clinical use in
mind and thus, could fine tune the instrument making its
use efficient for clinicians and patients.

Materials and methods

Appropriate Institutional Review Board approval was
obtained before any recruitment or testing of patients.

Patient selection

Patients were recruited to participate in the study after a
clinical diagnosis was made by a board-certified, fellow-
ship-trained, orthopedic spine surgeon using clinical and
imaging manifestations of CSM. Age-matched controls
were recruited from other orthopedic clinics after survey
evaluation did not identify any symptoms concerning for
CSM. All subjects were at least 18 years old and had no other
neurologic or physical condition (ie, Parkinson’s, dementia,
blindness, rheumatoid arthritis) that precluded fine motor
testing. Informed consent was obtained in all patients.

Interventions

Enrolled patients completed the mJOA for cervical mye-
lopathy and our novel FiIMS tablet application [7].

FiMS testing was carried out with the patient seated. For
standardization, all testing using the FiMS tablet applica-
tion was on a 9.7” fourth-generation iPad (Apple, Inc,
Cupertino, CA, USA). Participants were instructed to
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Fig. 1. Screenshot of Challenge 1.

complete the testing twice sequentially. Performing the
testing twice allowed the first completion to act as a teach-
ing introduction and the second completion to provide the
challenge results. This reduced error associated with any
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Fig. 2. Screenshot of Challenge 2.
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Fig. 3. Screenshot of Challenge 3.

potential learning curve. Participants were not instructed as
to which hand to use during challenge testing.

Tablet application details

The FiMS application consists of four unique chal-
lenges. All the challenges focus on fine motor dexterity test-
ing. Challenge 1 involves accurately tapping a moving
target on the screen (Fig. 1; see Video, Supplemental Digi-
tal Content 1, which demonstrates Challenge 1). Challenge
2 necessitates dragging a target on the screen to a goal
(Fig. 2; see Video, Supplemental Digital Content 2, which
demonstrates Challenge 2). Challenge 3 involves moving a
target through a randomly generated maze without touching
the maze walls (Fig. 3; see Video, Supplemental Digital
Content 3, which demonstrates Challenge 3). Challenge 4
requires the use of both hands to drag two separate targets
to a goal simultaneously (Fig. 4; see Video, Supplemental
Digital Content 4, which demonstrates Challenge 4). Each
challenge lasts 20 seconds and encourages the participant
to complete the intended task as many times as
possible within the allotted time. For challenges 1, 2, and 3,
participants were allowed to use their preferred upper
extremity. Scores are totaled based on the number of targets
that reach the goal in 20 seconds. A complete round of test-
ing therefore takes the patient under 1.5 minutes to com-
plete all four challenges. At the conclusion of testing, the
results are presented on a score review page.

Statistical analysis

The scores were recorded by a research coordinator and
analyzed independently for each challenge. A student ¢ test
was used to determine significance with a p value set at <.01,

20

Fig. 4. Screenshot of Challenge 4.

comparing myelopathic patients to age-matched controls
Correlations between FiMS challenge scores and mJOA score
were measured by Pearson correlation effect. P values less
than 1% were considered to be statistically significant. To
assess intrarater reliability, 15 patients completed the FIMS
testing four times and the interclass correlation coefficient
was calculated. Additionally, analysis of variance testing was
performed to identify differences in mean scores with sequen-
tial attempts for each challenge. All statistical analyses were
performed with the use of Statistical Analysis System (SAS)
v9.3 (SAS Institute, Cary, NC, USA).

Results

Twenty-eight myelopathic patients and 87 healthy
control subjects participated in testing. The FiMS data
from healthy controls were analyzed using linear regress-
ion and Pearson correlation effect, demonstrating a
negative correlation with age, which was true for each chal-
lenge (Challenge 1, r = —0.566, p < .0001; Challenge 2,
r = —0.6003, p < .0001; Challenge 3, r = —0.3507,
p =.00089; Challenge 4, r = —0.4967, p < .0001).

Therefore, we age matched the controls with the myelo-
pathic patients for data analysis. This resulted in a study
group of 65 age-matched controls and 28 myelopathic
patients for comparison (Table 1). The average mJOA score
(scale 0—18) for the myelopathic cohort was 13.5. For ref-
erence, a score between 12 and 14 signifies moderate mye-
lopathy [7]. The 65 control patients had a mean mJOA
score of 17.3, with a score greater than 17 being inconsis-
tent with myelopathy [7].

When compared with age-matched healthy controls, the
myelopathic cohort had significantly lower FIMS scores for
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Table 1

Fine motor skills (FiMS) tablet application results for age-matched controls vs. myelopathics

Healthy controls n=65

Myelopathic patients n=28

Average (SD) 95% CI1 Average (SD) 95% C1 p value
Age (years) 58.0 (9.1) 55.8—60.2 60.5 (9.3) 57.1-63.9 2228
mJOA score 17.3 (1.1) 17.0-17.6 13.5(2.9) 12.4-14.6 <.0001*
FiMS scores
Challenge 1 24.4 (3.8) 23.4-253 19.1 (6.6) 16.6—21.5 <.0001*
Challenge 2 16.3 (3.2) 15.5—-17.1 12.1 (4.4) 10.5—-13.7 <.0001*
Challenge 3 3.2(1.5) 2.8-3.6 1.9(1.4) 14-24 .00017*
Challenge 4 6.6 (2.9) 59-73 2.8 (2.8) 1.8-3.9 <.0001*
mJOA, modified Japanese Orthopaedic Association; CI, confidence interval; SD, standard deviation.
* Indicates that the p value reached clinical significance (p<.01 set value for significance).
Table 2
Mean scores from control reliability testing
N Challenge 1 (mean & SD) Challenge 2 (mean £ SD) Challenge 3 (mean & SD) Challenge 4 (mean & SD)
Attempt 1 15 25.27+4.73 15.53 £ 2.67 2,13+ 1.41 5.93 +2.09
Attempt 2 15 25.13 +4.22 15.20 + 3.28 247 + 141 6.20 +2.98
Attempt 3 15 26.40 +4.53 16.27 £3.22 273+1.22 7.00 +1.93
Attempt 4 15 2547 +4.27 16.53 + 3.04 2.80 +1.26 7.87+2.75
SD, standard deviation.
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Fig. 5. Challenge scores by age.
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all challenges 1—4 (Table 1). The average scores for chal-
lenges 1—4 in control patients were 24.4, 16.3, 3.2, and 6.6,
respectively, whereas the average scores for the myelopathic
patients were 16.6, 10.5, 1.4, and 1.8, respectively (p values
for all 4 challenges <.001). Based upon the 15 control subjects
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who repeated FiIMS testing four sequential times, intrarater
reliability was excellent, yielding an interclass correlation
coefficient of 0.88. Analysis of variance testing did not dem-
onstrate any significant differences between any of the four
attempts at each challenge (Table 2).
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Fig. 6. Challenge scores compared with mJOA (modified Japanese Orthopaedic Association).

(a) Challenge 1
(b) Challenge 2
(c) Challenge 3
(d) Challenge 4

Linear regression was performed to compare the myelo-
pathic patient challenge scores to mJOA scores. Pearson
correlation effect was calculated to identify which chal-
lenge was best able to correlate with mJOA severity
(Fig. 5a—d). Challenge 2 had the strongest Pearson coeffi-
cient with a value of r = 0.705, meaning that as mJOA
scores decreased there was a strong tendency for the Chal-
lenge 2 scores to decrease. Challenges 1 and 4 produced
moderate Pearson coefficients of r = 0.678 and 0.590,
respectively. Challenge 3 produced the weakest Pearson
coefficient of r = 0.393 (Fig. 6).

Discussion

A large hurdle in the rigorous evaluation of cervical mye-
lopathy is the lack of an easily administered, objective, and
quantitative myelopathy assessment. Such a tool could open
significant doors in cervical myelopathy research with the
potential to better assess natural history, optimize treatment
outcomes, and diagnose pathology earlier. This study validates
the use of a novel, tablet-based, patient-driven objective mea-
surement tool for the evaluation of patients with CSM.

Physical examination remains the hallmark of early
diagnosis for cervical myelopathy. However, the nonquan-
titative nature that many of the physical exam findings (eg,
pathologic reflexes, gait disturbance, and change in muscle
tone) demonstrate makes objective documentation over
time difficult. Similarly, many scoring systems have been
developed (eg, mJOA, Nurick scale, Myelopathic Disability

Index), which allow for classification of disease severity,
but their subjective and rigid nature limits their application
[3,8,9]. Many of these scales are based on patients’ report-
ing of their own symptoms, which can create confounding
factors based on patients’ expectation and personality.
These scales also are poorly quantitative, with one grada-
tion covering a large range of clinical severity.

Various quantitative myelopathy assessments have been
reported with several limitations. The foot-tapping test, tri-
angle step test, and simple walking test have all been
described to evaluate cervical myelopathy patients with
lower extremity dysfunction [6,10]. All of the aforemen-
tioned tests require the patient to have no confounding
lower extremity pathology and require clinical staff to be
present for evaluation. Tandem lumbar stenosis could also
lead to confounding results, making interpretation difficult
in some myelopathic patients.

Upper extremity quantitative assessments have also been
described. The myelopathic hand findings of decreased
power and extension of the ulnar 2 digits and inability to
grip-and-release fingers rapidly are classically discussed [11].
Grip strength testing requires a hand dynamometer, which is
a single-function, expensive, and inconvenient tool for clinic
assessment. Grip-and-release testing is simple but requires
clinical staff for assessment and documentation [12].

Our study presents a quantitative and easily administered
test with the use of a novel tablet application. The use of an
electronic test has the added benefits of reduced burden on
clinical staff for the testing administration, evaluation, and
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documentation of test results. The results of these tests can
be tracked immediately and compared with prior individual
results and correlated to other patients. Another added ben-
efit is that lower extremity dysfunction does not preclude
testing as with other quantitative myelopathy exams.

This study demonstrated that the FiMS application
scores were significantly reduced in patients with cervical
myelopathy when compared with age-matched healthy con-
trols. This was true for all four challenges. The intrarater
reliability testing was excellent for the FiIMS application
(Interclass Correlation Coefficient [ICC] = 0.88). The Pear-
son correlation coefficient between FiMS challenge scores
and mJOA was excellent overall. Specifically, the correla-
tion coefficient between Challenge 2 results and mJOA was
very high (r=0.705). The mJOA scores were significantly
different between the control and myelopathic groups
(control: 17.3, myelopathic: 13.5; p <.0001). This demon-
strates patients in the myelopathy cohort did, in fact, meet
myelopathic score thresholds on the basis of the mJOA’s
pre-existing measures. These results illustrate that the novel
FiMS application was a reliable, quantitative assessment of
upper extremity dysfunction in patients with cervical mye-
lopathy. The FiMS application may be especially useful in
patients with severe lower extremity dysfunction that pre-
cludes other quantitative testing.

Several limitations are present in our study and this ini-
tial iteration of the FiMS application. FiMS testing is not
disease specific. Many pathologic conditions could lead to
decreased FiMS challenge scores. We attempted to control
this in our study by employing strict inclusion criteria. The
dexterity involved in hand and extremity movements is a
complex pathway that requires involvement of neurologic,
visual, and musculoskeletal pathways. Unrelated disabil-
ities to these pathways may limit the applicability of the
FiMS. The study was designed to allow patient preference
to drive hand use (right or left) during the evaluation. This
may underestimate disease severity by allowing patients to
use their better functioning hand, but we felt this was a
strength of the application as the patient could use which-
ever hand they felt most competent with to complete the
challenge. Disagreements in hand dominance and symp-
tomatic extremities throughout testing could confound the
results. Another benefit to testing in this manner is that we
designed the FiMS application to eventually be used with-
out clinical personnel monitoring patients. If ensuring cor-
rect hand usage during testing is necessary, then testing
without clinical personnel monitoring would be difficult.

Future studies using the FIMS application should focus
on continued cross-sectional analysis and prospective out-
comes data. With additional data collection, a model that
can provide age-adjusted scoring may be possible. The abil-
ity to track patients with upper extremity myelopathic
symptoms quantitatively over time should yield new
insights into the natural history of myelopathy and out-
comes evaluation.

Conclusions

The novel FiMS tablet application produced signifi-
cantly lower scores in a myelopathic cohort when compared
with an age-matched control cohort. This is true for all four
challenges in the FIMS tablet application. The test can be
completed in one and half minutes, producing reliable,
quantitative outcomes for patients with cervical myelopa-
thy. In summary, the FIMS tablet application is a novel,
easily administered, objectively quantifiable test for analyz-
ing cervical myelopathy.
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