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Abstract
Study Design—Prospective cohort study

Objective—To assess the correlation between central motor conduction time (CMCT) and
various subjective and objective clinical assessment measures in patients with cervical spondylotic
myelopathy (CSM) undergoing decompressive surgery

Summary of Background Data—CSM can cause a spectrum of neurological deficits across
individuals. Subjective clinical assessments of disease severity may lack the sensitivity of
objective tests. Transcranial magnetic stimulation (TMS) provides objective electrophysiologic
data on the integrity of the corticospinal tracts, which may be useful for monitoring disease
progression or neurological improvement after surgery.

Methods—~Patients undergoing surgical decompression for CSM performed subjective and
objective testing before surgery and at 1, 3, 6 and 12 months after surgery. Subjective measures
included modified Japanese Orthopaedic Assessment (mJOA), Neck Disability Index (NDI),
Nurick grade, and visual analog scale (VAS) score. Objective measures included CMCT as
measured using TMS, the 10-meter walk test (LOMWT), the 9-hole peg task (9HPT), and grip and
release test (GRT). Primary outcome was the correlation between CMCT and subjective or
objective measures at preoperative and postoperative time points. Secondary outcome was the
correlation between preoperative CMCT and performance in subjective or objective testing after
surgical intervention.

Results—Improvement in both subjective and objective measures was observed after surgery.
CMCT correlated with other objective measures (10MWT, 9HPT, and GRT) both at baseline and
after decompressive surgery in these 17 patients with CSM. Patients with high baseline CMCTs
were associated with poor performance on the 1I0MWT, 9HPT, and GRT. mJOA correlated with
CMCT at baseline but not after surgical intervention. CMCT was not associated with other
subjective measures, such as NDI, Nurick grade, and VAS, at preoperative or postoperative time
points.
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Conclusion—CMCT as measured by TMS is a responsive objective assessment of CSM. It can
be used to monitor disease severity and neurological function before and after surgical
intervention. Prolonged baseline CMCT may be associated with worse surgical outcomes.
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Transcranial magnetic stimulation; central motor conduction time; Cervical spondylotic
myelopathy; cervical spine; cervical surgery; modified Japanese Orthopaedic Assessment
(mJOA); 10-meter walk test; 9-hole peg task; grip and release test; outcome; prospective study

Introduction

Methods

Patients

Current surgical decision making in cervical spondylotic myelopathy (CSM) is based on a
combination of subjective and objective clinical assessments and knowledge of the patient’s
disease progression. Most patients with moderate to severe myelopathy who present with
symptoms, such as gait disturbance, difficulty with fine motor skills, and bowel or bladder
dysfunction, and who have concordant imaging findings are recommended for surgical
decompression. For patients with subtle and early cervical myelopathy and milder
symptoms, surgical decision making is less straightforward. Several subjective and objective
measures have been correlated with outcome after decompressive surgery in patients with
CSM.1-3 Transcranial magnetic stimulation (TMS), a noninvasive neurophysiologic
measure of the integrity of the corticospinal tracts, has been used as an objective measure of
disease severity in patients with CSM.1:4-12

TMS allows for direct characterization of the integrity of the anterior columns in an awake
patient.13 Magnetic flux induces an activating pulse in the axons in the motor cortex,
generating direct and indirect potentials in the corticospinal tract without sensation of
electrical shocks. Previous studies have evaluated the correlation between TMS and clinical
and radiographic parameters in CSM.111 Patients with CSM have a prolonged central motor
conduction time (CMCT), the time needed for nerve impulses to reach the cervical spinal
roots after stimulation of the motor cortex, which is caused by a reduction in number of
intact corticospinal neurons.®10 We investigated the correlation between CMCT and several
subjective and objective clinical assessment measures in patients with CSM undergoing
decompressive surgery. Identifying the association between CMCT and these measures may
help surgeons to more accurately evaluate disease severity and response to treatment in
patients with CSM. Furthermore, understanding the correlation between baseline CMCT
results and postoperative testing performance may help surgeons to counsel patients on the
extent of neurological improvement that could be expected after decompressive surgery.

After approval by the Institutional Review Board, we enrolled patients undergoing anterior,
posterior, or combined cervical decompression for CSM between March 2011 and March
2012 in a prospective cohort study. CSM was defined by the presence of any of the
following criteria: long-tract signs localized to the cervical spinal cord (spasticity,
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hyperreflexia, ankle clonus, Babinski and/or Hoffman signs); impairment of fine motor
activities or gait; bowel or bladder dysfunction; abnormal spinal cord signal from
compression due to spondylotic changes on T2-weighted MRI

Exclusion criteria included age less than 18 years; obesity (body mass index >30);
pregnancy; CSM secondary to ossification of the posterior longitudinal ligament; previous
brain lesions or history of brain surgery; and the presence of other disease that would
interfere with central motor and sensory conduction, such as diabetes, amyotrophic lateral
sclerosis, or multiple sclerosis.

Transcranial magnetic stimulation

TMS was performed with a MagStim Rapid device (MagStim Company Ltd, UK) using a
MagStim HP 90-mm coil (model 9784-00), which has been FDA approved for peripheral
nerve stimulation (FDA Reference # K992911). The peak magnetic field output of the coil
was 2 Tesla with a maximum duration of 250 msec. The maximum pulse rate is 20 Hz, but
did not exceed 1 Hz for this study. Single-pulse TMS was used.

Motor-evoked potentials were made with adhesive surface electrodes placed in the first
dorsal interosseous (FDI) and abductor pollicis brevis (APB) muscles bilaterally. The
magnetic coil was positioned over the vertex in the posterior-anterior direction. Pulse
stimulation was performed, starting at 10% of maximum TMS output, to locate where three
out of five responses in the FDI or APB could be observed at an amplitude of 250 mV.
Onset latency, peak to peak amplitude, CMCT, and wave complexity (polyphasic, triphasic,
biphasic, monophasic, or absent) was recorded.

CMCT is an estimate of conduction time of corticospinal fibers between motor cortex and
spinal motor neurons. It includes the time of excitation of cortical cells, conduction via the
corticospinal tract and excitation of the motor neuron sufficient to exceed its firing
threshold.1* CMCT is measured by subtracting spinal motor neuron—to-muscle latency from
head-to-muscle latency.

Attempts were made to obtain TMS results from the lower extremities. Insufficient data,
however, were collected to provide an accurate representation of the study population. No
reliable TMS response was recorded in half of the lower extremities tested. Consequently,
our analysis included only data obtained from upper extremity TMS results. Because CMCT
results correct for lower motor neuron latency, results obtained from the upper extremities
can be used to evaluate impairment in both the upper and lower extremities.

Subjective measures of disease severity

Clinical assessment indices were used as subjective measures of the patient’s disease
severity, including the modified Japanese Orthopaedic Association Score (mMJOA),1® the
Neck Disability Index (NDI),16 the Nurick grade,1” and the Visual Analog Scale (VAS)
scorel8 to assess neck and arm pain. These assessments have been recommended for
screening and follow-up assessment for patients with CSM based on their common use or
psychometrics, although no validity, reliability or responsiveness studies have been
performed for the NDI and VAS in this patient population.1®
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Objective measures of disease severity

Reliable tests29-22 of physical and functional activity targeting gait and fine motor abilities
were used as objective measures of disease severity. These included a 10-meter walk test
(10MWT),23 a 9-hole peg task (9HPT),2 and a grip and release test (GRT).24 The 10MWT
is a gait measure used in patients with various causes of neurological impairment.20 As
disability increases, the time required to complete the test increases and the patient requires
more steps because of a shorter stride. In the 9HPT, patients were timed to evaluate how fast
they could take small pegs, one by one, and place them in holes in a board. The 9HPT was
completed with each hand and timed separately. In the GRT, patients were asked to make a
fist grip and then open and close the hand as many times as possible in 20 seconds.

Study design

Study participants underwent prospective diagnostic testing using TMS, clinical assessment
indices, and physical activity tests during their preoperative and 1-, 3-, 6-, and 12-month
postoperative clinic visits. Data collected at the preoperative visit served as baseline results.

The primary study outcome was the correlation between TMS results and subjective and
objective measures of CSM severity at each time point. The secondary outcome was the
correlation between preoperative TMS results and performance in subjective and objective
testing after cervical decompressive surgery.

Statistical analysis

Results

The side with the longest CMCT reading for the upper extremity was used as the baseline
measurement. Spearman correlation between objective or subjective variables and CMCT
were obtained. A repeated measures analysis of variance (ANOVA) was performed to
determine the relationship between the baseline CMCT and the variables in the study. An
autoregressive correlation structure was used since the current reading should be correlated
with the previous reading. ROC analysis was used to determine the threshold CMCT value
at which clinical improvement could be predicted. The threshold was selected at the point
that sensitivity and 1 minus specificity were maximized. A p-value <0.05 was considered to
be statistically significant.

Patient characteristics and demographics

Seventeen patients with CSM were included (mean 60 years, range 42—78 years) (Table 1).
Ten patients underwent anterior surgery, 4 had posterior surgery, and 3 had combined
anterior/posterior surgery. There were fewer subject measurements at the later time periods:
One participant withdrew voluntarily from the study after the 1-month postoperative visit,
one withdrew voluntarily after the 3-month visit, one was lost to follow-up by 6 months, and
4 others were lost to follow-up by the 12-month visit. One participated in all testing but did
not contribute reliable TMS data.
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Transcranial magnetic stimulation

Mean and standard deviation (SD) for upper extremity CMCTs at the preoperative visit was
9.7+4.9 msec. Baseline CMCTs were obtained in at least one upper extremity in 16 patients.
After surgery, mean CMCTs decreased to a low of 8.5+£3.5 msec at the 6-month
postoperative visit (Table 2).

Objective measures of CSM severity

Baseline results for objective measures included time (10.6+4.2 sec) and number of steps
(17.9£5.0) required to complete the 10MWT, number of hand repetitions during the GRT
(17.2+7.8), and the time required to complete the 9HPT with the right hand (18.6+7.5 sec)
and left hand (31.3+29.5 sec) (Table 2). Study participants demonstrated postoperative
improvement in each of these measures of gait and hand function. The greatest improvement
after surgery was seen at 3 months for 10MWT (8.8+1.7 sec, 16.3+3.6 steps) (Figure 1) and
6 months for GRT (21.6£7.9 repetitions) and left-handed 9HPT (17.2+2.4 sec) (Figure 2).

Subjective measures of CSM severity

Baseline results for subjective measures included mJOA score (12.1+2.8), NDI score
(35.1+£24.1), Nurick grade (1.8+0.9), and VAS (3.8+2.7) (Table 3). Study participants
demonstrated improvement in each of these subjective measures of pain and disability after
surgery. The greatest improvement after surgery was seen at 3 months for mJOA score
(13.6+2.7) and at 6 months for Nurick grade (1.3+£0.5), NDI score (24.0+24.4), and VAS
(1.4+2.3) (Figure 3).

Correlation between TMS and subjective and objective measures

Subjective and objective measures correlated with CMCT at several time points (asterisks in
Table 4). At baseline, CMCT correlated with number of steps (r=0.549, p=0.028) and time
required to complete the I0MWT (r=0.801, p<0.001), mJOA score (r=—0.614, p=0.011),
9HPT with left (r=0.626, p=0.009) and right (r=0.471, p=0.066) hands, and GRT (r=-0.442,
p=0.086).

One month postoperatively, correlations between measures and CMCT were significant for
the GRT (r=-0.612, p=0.012), timed 10MWT (r=0.756, p<0.001), and 9HPT with left
(r=0.524, p=0.037) and right (r=0.703, p=0.002) hands. At 6 months postoperatively,
correlations between measures and CMCT retained significance for the number of steps
(r=0.660, p=0.014) and time required to complete the 10MWT (r=0.666, p=0.013).

The correlation was not significant between CMCT and NDI score, Nurick grade, or VAS at
any of the time points.

Predictive value of baseline TMS

Repeated measures ANOVA demonstrated that baseline CMCT is associated with
postoperative performance on the GRT, timed 10MWT, and 9HPT (Table 5). Patients with
higher baseline CMCT in the upper extremity required more time to complete the 10MWT
and NHPT on postoperative visits. Higher baseline CMCT was also associated with fewer
repetitions on the GRT. The association was not statistically significant between baseline
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CMCT and postoperative mJOA score, NDI score, Nurick grade, VAS scale, number of
steps needed to complete the L0MWT, and the time required to complete the 9HPT with the
right hand.

Threshold value of baseline TMS for Clinical Improvement

Logistic regression was used to determine the threshold preoperative CMCT value that
could predict postoperative clinical improvement. Clinical improvement was defined as a
>50% increase in humber of repetitions completed on the GRT at 3 months after surgery
compared with baseline. The GRT was chosen because it produced the most responsive
testing results among participants. Three months was chosen because it is a reasonable time
point at which neurological improvement after surgery could be observed, and 15 of 17
patients provided follow-up data. ROC curve analysis revealed a threshold preoperative
CMCT value of 7.2 msec (probability = 0.45, AUC = 0.65).

Discussion

TMS is quick, noninvasive, and painless and can be used in patients with severe gait and/or
limb disturbances who may not be able to participate in other objective assessments. The use
of TMS to evaluate CSM has been well described. Patients with cervical spondylosis who
have electrophysiologic abnormalities are more likely to develop myelopathy than those
who do not.2> Symptoms of myelopathy and radiculopathy frequently co-exist and can be
difficult to distinguish. TMS, however, may provide useful objective data to differentiate
patients with CSM12:14.26 and can identify patients early in their disease course by detecting
cord compression before the onset of myelopathic signs or symptoms.5:26:27

In CSM, the severity of cord compression and the deficits that result are highly variable
across individuals. Such heterogeneity creates difficulty when attempting to quantify and
compare clinical symptoms and subjective patient assessments. TMS provides objective
measurements of the integrity of the corticospinal tracts that are easily compared across
individuals. Previous studies have correlated TMS results with radiographic parameters 11
and JOA scores®. This is the first prospective study to validate the use of TMS in
comparison to several established subjective and objective measures of CSM severity before
and after decompressive surgery.

Subjective and objective measures of CSM severity

We found that CMCT positively correlates with the 10MWT, 9HPT, and GRT at
preoperative and postoperative time points. That is, patients with prolonged CMCT tended
to have poor performance on hand and gait testing before and after surgery. Unlike
functional subjective assessments, such as the mJOA, NDI, and Nurick grade that focus on
impairments in everyday activities. The 10MWT, 9HPT, and GRT directly test the
impairments that are often considered to be the most important sequelae of CSM—
impairment of ambulation and gait.28-30 These tests have the advantage of objectivity and
are characterized by high intra- and inter-observer reliability.29-22 Other researchers have
reported similar positive correlations between surgical outcomes and the 10MWT,25:31
9HPT,2L and GRT.!
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The use of subjective functional outcome measures, such as the mJOA, has been
recommended in the assessment of patients undergoing surgery for CSM.32 Subjective
measures are useful for recognizing the severity of neurological status, but they may be
influenced by patients’ expectations and psychological state. Subjective assessments tend to
be poorly quantitative and contain few broad categories in their inventory. Furthermore, the
use of subjective measures can be problematic because of a disconnect between objective
measurements and patient-reported functional outcomes, such as pain and activity tolerance.
Good objective measures are highly quantitative, reproducible, and more sensitive to
change. The identification of valid, reliable, and responsive measures of improvement after
surgical treatment of CSM is valuable.

We found a correlation between lower preoperative mJOA scores and higher baseline
CMCT. That is, patients with severe disease had higher levels of disability and impaired
conduction via corticospinal tracts before surgery. The mJOA score has been shown to be a
predictor of outcomes after decompressive surgery for CSM.33 In one study, severe
myelopathy (JOA <7) was associated with a good outcome in 55% of patients versus 70% in
patients with mild disease.3# Others have reported that CMCT correlates with mJOA at both
preoperative and postoperative time points in patients with severe CSM12.12, Many
surgeons use a MJOA score of 12 (separating moderate from severe disease) as a threshold
below which there is a negative impact on surgical outcome.?? The mean mJOA in our
cohort was 12.1 at baseline.

Although we found that baseline CMCT correlated with several postoperative objective
measures (10MWT, GRT, 9HPT), we did not identify a similar association between CMCT
and postoperative subjective measures (NDI, mJOA, VAS). Given that patients in our cohort
demonstrated clinical improvement in both subjective and objective measures after surgery,
this discrepancy suggests that surgical decompression for CSM may produce quantifiable
improvement in physiologic parameters that can be detected using objective tests that may
be more responsive, sensitive to change and reproducible than traditional subjective
assessments. For these reasons, we favor the use of CMCT, 10MWT, GRT, and 9HPT over
the mJOA, NDI, Nurick grade, and VAS when evaluating outcomes of patients with CSM
undergoing surgery.

Several studies have used neurophysiologic testing to provide prognostic information
regarding outcome after decompressive surgery for CSM.3:35-37 Our findings demonstrate
that preoperative CMCT may have a role in identifying patients who do not improve
clinically after surgery, since patients who had high preoperative CMCT tended to perform
poorly on postoperative testing for the 10MWT, 9HPT, and GRT. Our calculated threshold
CMCT value (7.2 msec) for predicting clinical improvement is within the upper range of
published normal results.38 Only 2 of 9 patients with preoperative CMCT values greater
than 7.2 msec had >50% postoperative improvement on GRT whereas 4 of 6 patients with
CMCT values less than this threshold demonstrated clinical improvement.

This study is limited by its small sample size, lack of follow-up, the inability to use TMS to
assess the laterality of symptom severity, and technical considerations since each attempt to
use TMS did not yield CMCT readings in our cohort. Despite these limitations, within our

Soine (Phila Pa 1976). Author manuscript; available in PMC 2015 June 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Mazur et al.

Conclusion

Page 8

cohort we found several objective measures that had statistically significant correlations
with CMCT. Our findings reflect the use of CMCT in preoperative and postoperative
assessment of CSM severity. None of the patients in our cohort underwent nonoperative
treatment, where the role of CMCT in monitoring patients has not been determined. Whether
an anterior or posterior surgical approach affects the amount of change in CMCT should be
a consideration in future studies.

High-quality evidence to guide surgical decision making in CSM is lacking. A recent
Cochrane Review identified only two randomized controlled trials, both of which showed no
significant difference in outcome between non-surgical and surgical interventions.3® TMS
may be useful in providing reliable objective data to monitor disease progression and
identify candidates who may benefit from surgical intervention. Larger prospective trials are
needed to confirm the association between CMCT and objective and subjective measures of
disease severity and to verify the preoperative CMCT threshold value that can predict the
patients with CSM who are likely to experience clinical improvement after surgical
decompression.

CMCT correlates with several objective measures both at baseline and after decompressive
surgery in patients with CSM. Patients with high baseline CMCTs were associated with poor
performance on the 10MWT, 9HPT, and GRT both before and after surgery. mJOA
correlated with CMCT at baseline but not after surgery. CMCT was not associated with
other subjective measures, such as NDI, Nurick grade, and VAS. CMCT is a responsive
objective assessment of CSM that can be used to monitor disease severity and neurological
function before and after surgery. High baseline CMCTs may be associated with worse
surgical outcomes.
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Figure 1.
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Graphs showing improvement in time (left) and number of steps (right) required to complete
the 10m walk test (LOMWT) after decompressive surgery for cervical spondylotic

myelopathy. Mean is indicated by the dark line.
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Figure 2.
Graphs showing improvement in hand function after decompressive surgery for cervical

spondylotic myelopathy as measured by increase in the number of repetitions completed in
the grasp and release test (GRT) (A) and decrease in time to complete the 9-hole peg task
(9HPT) with right (B) and left (C) hands. Mean is indicated by the dark line.
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Graphs showing improvement in subjective measures after decompressive surgery for

cervical spondylotic myelopathy. Mean is indicated by the dark line. (A) Modified Japanese
Orthopaedic Association Score; (B) Neck Disability Index; (C) Visual Analog Scale; (D)
Nurick grade.
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Table 1

Demographic information in 17 patients with cervical spondylotic myelopathy who underwent surgical
decompression
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Variable M easurement
No. males (%) 9 (53)
Mean age (years), range 60 (42-78)
No. (%) with comorbidities
Smoking 5 (29)
Heart disease 12 (71)
Diabetes 3(18)
Depression 1(6)
No. (%) undergoing each procedure
Anterior 10 (59)
Posterior 4(23)
Combined anterior/posterior 3(18)
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Mean and standard deviation (range) of subjective variables measured by visit

Table 3

Visit
Pre-operative
1 month
3 month
6 month
12 month

Nurick grade
1.8+0.9 (1-4)
2.1+1.2 (1-4)
1.6+0.6 (1-3)
1.3+0.5 (1-2)
1.8+1.0 (1-3)

mJOA score
12.1+2.8 (6-17)
12.7+2.3 (9-16)
13.622.7 (9-17)
13.4+2.7 (9-17)
13.0+2.2 (10-15)

NDI score
35.1+24.1 (2-88)
39.9+18.6 (6-72)
27.4%24.5 (2-80)
24.0+24.4 (0-70)
30.5+27.2 (4-62)

VAS
3.82.7 (0-10)
2.3+2.4 (0-6.3)
2.1%2.4 (0-6.0)
1.4+2.3 (0-6.7)
2.4+3.1 (0-5.9)

mJOA, modified Japanese Orthopaedic Association Score; NDI, Neck Disability Index; (VAS) Visual Analog Scale (VAS)
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Repeated measures ANOVA to assess association of CMCT with objective and subjective measures

Table 5

Variable Parameter estimate Standard error  p value
No. steps 10m walk 0.286 0.182 0.139
Grasplrelease -0.821 0.273 0.010%
mJOA score -0.149 0.094 0.137
NDI score -0.423 1.033 0.688
Nurick grade -0.003 0.032 0.926
Time (sec) 10m walk 0.310 0.110 0.014*
Time (sec) Left 9 hole peg 0.579 0.224 0.022°
Time (sec) Right 9 hole peg 0.579 1.330 0.672
VAS 0.075 0.099 0.463
*<0.05

Page 19

mJOA, modified Japanese Orthopaedic Association Score; NDI, Neck Disability Index; (VAS) Visual Analog Scale (VAS); CMCT, central motor

conduction time

Positive values for the parameter estimates indicate higher baseline CMCT is associated with higher readings of the given variable in postoperative
visits. Negative values for the parameter estimates indicate that higher baseline CMCT is associated with lower readings of the given variable in

postoperative visits.
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