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Abstract

Background: Dynamic somatosensory evoked potentials (DSSEP) can be used to disclose abnormalities of
ascending sensory pathways at dynamic positions and diagnose cervical spondylotic myelopathy (CSM). However,
radiographic tests including magnetic resonance imaging (MRI) and dynamic X-ray are used much more widely in
the management of CSM. Our study aims to clarify the correlations between several radiographic parameters and
the DSSEP results, and further determine their reliability with clinical data.

Methods: We retrospectively enrolled 38 CSM patients with surgical intervention. DSSEP tests were performed
before surgery. Amplitude ratios of DSSEP N13 and N20 waves at extension and flexion were calculated and
recorded as N13_E, N20_E, N13_F, N20_F, respectively. Baseline severity was evaluated with the modified Japanese
Orthopedic Association (mJOA) score and the Nurick grades. Prognosis was evaluated based on the 2-year recovery
rate. Sagittal diameter and transverse areas of the cord and canal were measured and the the compressive ratios at
the compressed site (Compression_Ratio), central (Central_Ratio), and 1/4-lateral points (1/4-Lateral_Compression_
Ratio), and spinal cord/Canal Area Ratio were calculated. The intramedullary T2 hyperintensity patterns (Ax-CCM
types) were also collected from MRI axial images. Dynamic X-rays were used to test for segmental instability of the
cervical spine. The correlations between radiologic findings, DSSEP data, and clinical assessments were investigated.
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Results: We found that DSSEP N13_E and N13_F correlated with the Compression_Ratio, Central_Ratio, 1/4-Lateral_
Compression_Ratio (Pearson, p < 0.05) and Ax-CCM types (ANOVA, p < 0.05) in MRI axial images and cervical
segmental instability in dynamic X-ray (t-test, p < 0.05). Apart from the 1/4-Lateral_Compression_Ratio, these
radiographic parameters above also correlated with the baseline clinical assessments (Spearman or ANOVA or t-test,
p < 0.05) and postoperative recovery rate (Pearson or ANOVA or t-test, p < 0.05).

Conclusions: We found that the preoperative Compression_Ratio, Central_Ratio and 1/4-Lateral_Compression_Ratio in MRI
and cervical segmental instability in dynamic X-ray could reflect the dynamic neural dysfunction of the spinal cord. Different
Ax-CCM types corresponded to different DSSEP results at extension and flexion, suggesting divergent pathophysiology.
These radiographic parameters could help evaluate disease severity and predict postoperative prognosis.

Keywords: Cervical spondylotic myelopathy, Dynamic-somatosensory-evoked potentials, Magnetic resonance imaging,
Dynamic X-ray, Cervical segmental instability

Background
In cervical spondylotic myelopathy (CSM) patients, cervical
myelopathy is caused by both static compressions as well as
dynamic compression during cervical motion (flexion/ex-
tension) [1]. At a neutral position, static compressions can
be caused by herniated discs, spondylotic spurs, ossification
of the posterior longitudinal ligament and hypertrophy of
the ligamentum flavum [2]. During flexion, the spinal cord
may become compressed against osteophytic spurs and
protruding discs [3–5]. With hyperextension, the ligamen-
tum flavum or laminae can pinch the spinal cord poster-
iorly, causing a pincer effect [6]. Therefore, the mechanical
consequences of dynamic compression on the spinal cord
should not be neglected.
Magnetic resonance imaging (MRI) is widely used in the

management of CSM. There have been some studies on
the associations between MRI factors, including relating
cord compression and signal changes of the spinal cord
on T1- and T2-weighted imaging and clinical symptoms
and recovery after surgery [7]. From the many methods
mentioned, the absolute value of sagittal diameter and
transverse area of the spinal cord, the area ratio between
the spinal cord and spinal canal, Compression_Ratio (sa-
gittal diameter at most compressed site / transverse diam-
eter of the spinal cord observed on axial T2WI), Central_
Compression_Ratio (central sagittal diameter / transverse
diameter) and 1/4-Lateral_Compression_Ratio (1/4-lateral
anteroposterior diameter / transverse diameter) have been
used regularly and are reported in the literature [7]. The
size and pattern of intramedullary spinal cord signal inten-
sity changes are also related to the severity of impairment
in patients with CSM [8]. Dynamic X-ray is frequently
used to evaluate cervical segmental instability among
CSM patients and its results also correlate with the pre-
operative symptoms and surgical outcomes [9, 10]. How-
ever, correlating imaging findings with the clinical picture
is complicated by the increasingly wide-range of measure-
ments on radiographs including MRI and dynamic X-ray.
In addition, there remain fundamental knowledge gaps

surrounding the relationship of neural functional change
at dynamic positions with findings seen on static radio-
graphs. Due to the difficulty of quantifying the extent of
spinal cord dysfunction from physiological findings, elec-
trophysiological findings were used.
Somatosensory evoked potentials (SSEP) have been

utilized as useful neurophysiological indicators to detect
objective functional abnormalities of the spinal cord [11,
12]. It has been suggested that the spinal N13 response
reflected segmental cord dysfunction [13], and have
higher sensitivity in diagnosing CSM than the scalp N20
waves [14]. On the basis of these studies, we developed
the dynamic somatosensory evoked potentials (DSSEP),
which is performed at neutral, extension, and flexion po-
sitions [15]. The percent change of DSSEP N13 ampli-
tudes has been proven as an effective parameter for
diagnosing CSM with high sensitivity and specificity
[15]. In this study, we investigated the effectiveness of
different MRI parameters and dynamic X-ray for asses-
sing the dynamic neural dysfunction measured with
DSSEP. We also correlated these radiographic results
with baseline clinical conditions and postoperative re-
covery to further testify their reliability.

Methods
Patient cohort
The Human Ethics Committee of the First Affiliated
Hospital of Sun Yat-sen University approved the trial,
and informed consent was acquired before the DSSEP
tests. The single-center retrospective study included 38
CSM patients with preoperative DSSEP, MRI, and dy-
namic X-ray tests and later had surgery at the Spine Sur-
gery Department, First Affiliated Hospital of Sun Yat-
sen University (Guangzhou, China) between 2015 to
2017. All participants had at least two years follow-up.
Patients with congenital spinal deformity, a history of
stroke, surgical treatment, peripheral neurological dis-
ease, ulnar or carpal tunnel syndrome, or diabetes were
excluded. Demographic data collected included sex, age,
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and critical comorbidities. Measures of neurological dis-
ability included the modified Japanese Orthopaedic As-
sociation (mJOA) score [16] and Nurick grade [17].
Ataxia were defined as the absence of dysarthria, nystag-
mus, abnormal eye movements, and the presence of ab-
normal joint position senses and a positive Romberg
sign with gait disorder in this study [18]. The 2-year
postoperative mJOA scores were used to calculate the
recovery rates with the Hirabayashi method [19]: Recov-
ery rate = [postoperative mJOA score - preoperative
mJOA score] / [21 - preoperative mJOA score] × 100%.

Realization and measurement of DSSEP
An electrophysiological monitoring system (Nicolet En-
deavor CR) was used to elicit and record the SSEPs. Me-
dian and ulnar nerve SEPs were examined using
established methods [20]. The ulnar and median nerves
were stimulated with 0.2 msec square wave pulses deliv-
ered at a rate of 5 Hz with an impedance of less than
5000W. Visible contraction of the abductor pollicis bre-
vis muscle was used as an indicator of appropriate
stimulus intensity. SSEPs were recorded using subdermal
needle electrodes placed at Erb’s point ipsilateral to the
stimulation (Erb’s) and spinous processes of the second
cervical vertebrae (C2s-Fz) with the reference electrode
at Fz. Another two electrodes were placed at the sensory
cortex of the left and right hemisphere (about 1 cm
medial-posterior to the C3 and C4 points according to
the international 10–20 system, marked as C4’-C3’). The
SSEPs were measured with the cervical spine in a neutral
position. Patients were then positioned at about 35°
flexion and after which at about 20° extension of the cer-
vical spine using a device for elevating the head and
neck with minimal discomfort to the subject (Fig. 1). To
confirm the reproducibility of the SSEPs, each measure-
ment was carried out at least three times by a spine sur-
geon and two electrophysiologists.
The amplitudes for each recording position labeled

Erb’s, C2s-Fz, and C4’-C3’ were recorded as N9, N13,
and N20, respectively. We also simultaneously re-
corded the response latencies. Both the ulnar and me-
dian nerve stimuli were recorded. According to our
previous study [15], only the N13 amplitudes and
their percent changes have been used for statistical
analysis in this study.

Imaging methods and analysis protocol
All MR examinations were performed with a 3.0-T MR
imager (Siemens Trio) with the patients lying in a supine
position on a spine-array coil. The authors evaluated
compressed spinal cords using standard imaging se-
quences. T1 and T2-weighted spin-echo sagittal se-
quences were performed using the following parameters:
T1: TR 650, TE 10, Slice thickness 3 mm, dist 0.3 mm

gap, FA 150°, TA 1′36″, Matrix 320 × 224; T2: TR 2800,
TE 97, Slice thickness 3 mm, dist 0.3 mm gap, FA 160°,
TA 2′10″, Matrix 384 × 308. T1 and T2-weighted spin-
echo axial sequences were performed using the following
parameters: T1: TR 466, TE 11, Slice thickness 4 mm,
dist 0.4 mm gap, FA 120°, TA 2′26″, Matrix 256 × 205;
T2: TR 3260, TE 90, Slice thickness 4 mm, dist 0.4 mm
gap, FA 150°, TA 1′52″, Matrix 320 × 256.
The measurements of the cervical spinal cord in MRI

T2WI axial images were performed with Photoshop CC
(Adobe, San Jose, California). The transverse area of the
spinal canal and spinal cord were respectively measured.
The Cord/Canal_Area_Ratio was defined as follows:
Cord/Canal_Area_Ratio = Area of the spinal cord / Area
of the canal. The linear parameters including transverse
diameter (TD), central sagittal diameter (CSD) and sagit-
tal diameter (SD) were measured, and the Central_Ratio,
Compression_Ratio and 1/4-Lateral_Compression_Ratio
were calculated (Fig. 2). The Ax-CCM classification sys-
tem is defined as follows [8]: type 0 = normal signal in-
tensity of spinal cord without any intramedullary T2
hyperintensity, type 1 = diffuse pattern of intramedullary
T2 hyperintensity occupying more than two-thirds of
the axial dimension of the spinal cord with an obscure
and faint border, type 2 = focal intramedullary T2 hyper-
intensity with an obscure and faint border, type 3 = focal
intramedullary T2 hyperintensity with a well-defined
and distinct margin.
Extension-Flexion (dynamic) X-ray studies of all 38

patients were analyzed. Cervical segmental instability
was determined according to the White-Panjabi standard
[9]: (1) translational instability: more than 3.5 mm hori-
zontal displacement of one vertebra in relation to an ad-
jacent vertebra, either anteriorly or posteriorly; (2)
rotational instability: more than 11-degree rotational dif-
ference to that of either adjacent vertebrae. Patients with
cervical segmental instability in dynamic X-rays were
classified as the “Unstable” group, and others were clas-
sified as the “Stable” group.
The MRI and dynamic X-ray films of the cervical

spines were studied three times by two spine surgeons
and a radiologist, and the mean values were used. The
measurements were performed in a blind fashion, so that
patients’ names, clinical characteristics, and the results
of the electrophysiological studies were unknown to the
observers.

Statistical analysis
Amplitudes of left and right sides of the DSSEP N13 or
N20 waves were averaged first. Then the N13 or N20 amp-
litude ratios at extension and flexion were calculated and
recorded as N13_E, N20_E, N13_F, N20_F, respectively.
We defined the DSSEP amplitude ratio as the following:
amplitude ratio = (Amplitude_extension or Amplitude_
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flexion ÷ Amplitude_neutral) × 100%. For absent N13 or
N20 waves, their latencies were excluded and their ampli-
tudes were set as the baseline value (0mV) for statistical
analysis [14]. For CSM patients whose DSSEP waves at
neutral position were lost, amplitude ratios of their corre-
sponding DSSEP waves were also set as 0.
Student t-test, Pearson or Spearman correlation

method and one-way analysis of variance analysis
(ANOVA) were applied in this study. All data were pre-
sented as mean ± SD, and a P-value < 0.05 was consid-
ered significant. The statistical software R (R version
3.6.0) was used for statistical analysis.

Results
DSSEP N13_E and N13_F are sensitive parameters for
evaluating the CSM
Demographic data was shown in Table 1. The preopera-
tive mJOA score and Nurick grade were 13.95 ± 2.01
(range 9–17) and 2.61 ± 1.18 (range 1–4) respectively.
There were 20 (52.6%) patients presented ataxia pre-
operatively. The two-year postoperative mJOA score and
recovery rate were 16.89 ± 2.44 (range 12–20) and
45.6% ± 21.9% (range 0–80%) respectively (Table 1). We
recorded latencies for N9, N13 and N20 and amplitudes
for N13 and N20 during cervical flexion and extension.

Fig. 1 DSSEP test illustration: Left: Cervical spine in neutral, 20° extension and 35° flexion positions. Right: DSSEP results of the left median nerve
of this CSM patient. The latencies of N9, N13 and N20, amplitudes of N13 and N20 are shown in the figure
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Four (10.5%) patients’ N13 or N20 waves were lost at all
three positions, three (7.9%) were lost at both dynamic
positions, and six (15.8%) were lost at either the exten-
sion or flexion position. We found that the DSSEP N13
amplitudes were significantly higher at the neutral pos-
ition than that at both the extension (t-test, p < 0.001)
and flexion (t-test, p < 0.01) positions (Table 2). We cal-
culated the amplitude ratios, the N13_E and N13_F were
0.72 ± 0.34 and 0.73 ± 0.43 respectively, and the N20_E
and N20_F were 0.97 ± 0.29 and 0.97 ± 0.29 respectively.
The DSSEP N20 amplitudes, and N13 and N20 latencies
did not change significantly during extension or flexion
(Table 2).
We compared the DSSEP results with our clinical

assessments. We found that the N13 DSSEP ampli-
tude ratios at both extension and flexion positions
positively correlated with the baseline clinical symp-
toms and postoperative outcomes: results having posi-
tive correlation with mJOA scores (Spearman, N13_E:
R = 0.40, p = 0.014; N13_F: R = 0.35, p = 0.031), nega-
tive correlation with Nurick grades (Spearman, N13_
E: R = -0.34, p = 0.039; N13_F: R = -0.39, p = 0.015)
and positive correlation with recovery rates (Pearson,
N13_E: R = 0.37, p = 0.021; N13_F: R = 0.54, p =
0.0004). However, only the N13_E in ataxic patients
was significantly lower than that in patients without
ataxia (0.61 ± 0.39, 0.85 ± 0.22, t-test, p = 0.023). The

N13_F did not show significant difference between
the ataxia and non-ataxia groups (0.61 ± 0.43, 0.82 ±
0.34, t-test, p = 0.11).

The radiographic findings and their correlations with
N13_E and N13_F
The preoperative transverse area of the spinal cord and
spinal canal obtained with MRI were 69.95 ± 19.01 and
111.79 ± 38.64 mm2 respectively, and the Cord/Canal
Area Ratio was 0.66 ± 0.16. The sagittal diameter of the
spinal cord was 4.77 ± 1.09 mm. The Compression_Ratio,
Central_Ratio, and 1/4-Lateral_Compression_Ratio were
0.35 ± 0.08, 0.44 ± 0.1, and 0.34 ± 0.08 respectively.
Both the N13_E and N13_F positively correlated with

Compression_Ratio (Pearson, N13_E: R = 0.33, p = 0.042;
N13_F: R = 0.47, p = 0.003), Central_Ratio (Pearson,
N13_E: R = 0.43, p = 0.007; N13_F: R = 0.52, p = 0.0008)
and 1/4-Lateral_Compression_Ratio (Pearson, N13_E:
R = 0.47, p = 0.003; N13_F: R = 0.51, p = 0.001) measured
in MRI axial images. There was no correlation between
DSSEP N13 amplitude ratios and spinal cord area, Cord/
Canal Area Ratio or Sagittal Diameter (Fig. 3).
The number of 8, 13, 11 and 6 patients were classified

as the Ax-CCM Type 0, Type 1, Type 2 and Type 3 re-
spectively. The mean N13_E for each Ax-CCM group
was 0.93 ± 0.05, 0.48 ± 0.34, 0.66 ± 0.30, 1.08 ± 0.07 re-
spectively, and mean N13_F was 1.05 ± 0.12, 0.63 ± 0.43,

Fig. 2 MRI measurements illustration. a: transverse spinal canal area (subarachnoid space); b: Transverse spinal cord area; c: Central_Ratio and
Compression_Ratio are calculated as follows: Central_Ratio = CSD / TD, Compression_Ratio = SD / TD. (SD = sagittal spinal cord diameter, TD =
transverse spinal cord diameter, CSD = Central sagittal diameter of the spinal cord); d: 1/4-Lateral_Compression_Ratio is calculated as follow: 1/4-
Lateral_Compression_Ratio = (LQSD + RQSD) / 2TD. (RQSD = 1/4-lateral anteroposterior diameter on the right side, LQSD = 1/4-lateral
anteroposterior diameter on the left side)

Yu et al. BMC Neurology          (2020) 20:367 Page 5 of 11



0.42 ± 0.33, 0.96 ± 0.14 respectively for each Ax-CCM
group. Both the N13_E and N13_F were statistically
different among Ax-CCM groups. (ANOVA, p < 0.001)
A post hoc test showed that the N13_E for the type 1
pattern was significantly lower than that for the type 2
pattern (p < 0.05) (Fig. 4a).
19 patients were identified as cervical segmental in-

stability in dynamic X-rays, and the rest 19 patients were
identified as cervical stable. The N13_F varied signifi-
cantly between patients in Stable and Unstable groups.
(T-test, p = 0.007), but not for N13_E (T-test, p = 0.2)
(Fig. 4b).

The radiographic findings’ correlation with clinical data
Both the Compression_Ratio and Central_Ratio mea-
sured in MRI were significantly correlated with the
baseline mJOA scores (Spearman, p < 0.05), Nurick
grades (Spearman, p < 0.01) and recovery rates (Pear-
son, p < 0.01). The 1/4-Lateral_Compression_Ratio was
significantly correlated with the recovery rates (Pear-
son, p < 0.05), but not with baseline mJOA scores and
Nurick grades. Patients’ mJOA scores, Nurick grades
and recovery rates were all significantly different
among different Ax-CCM groups (ANOVA, p < 0.05).
The mJOA scores, Nurick grades and recovery rates in pa-
tients with or without cervical segmental instability were
also significantly different (t-test, p < 0.05) (Fig. 5). All
radiographic findings above did not vary between ataxic
patients and patients without ataxia.
The original DSSEP, MRI measurement and clinical

data of all 38 patients in the study can be found in the
supplementary file.

Discussions
The study first uncovered the dynamic neurophysio-
logical changes behind MRI and dynamic X-ray findings
in CSM patients. Patients with lower Compression_

Table 1 Summary of demographics and clinical data of 38 CSM
patients

Variable Measurement

No. males 21 (55.3%)

Mean age (yr) 53.6 (range 22–82)

Preoperative clinical assessment

mJOA score 13.95 ± 2.01 (range 9–17)

Nurick grades 2.61 ± 1.18 (range 1–4)

No. Hoffman sign 24 (64.9%)

No. Leg hyperreflexia 13 (35.1%)

No. Ataxia 20 (52.6%)

2-Year Postoperative clinical assessment

mJOA score 16.89 ± 2.44 (range 12–20)

Recovery rate 45.6% ± 21.9% (range 0–80%)

Compression levels (n) at MRI

Stenotic levels C3/4 (15)

C4/5 (21)

C5/6 (30)

C6/7 (12)

C7/T1 (1)

Most stenotic level C3/4 (4)

C4/5 (8)

C5/6 (22)

C6/7 (4)

No. (%) undergoing each procedure

Anterior 27 (71.1%)

Posterior 7 (18.4%)

Combined anterior-posterior 4 (10.5%)

Table 2 Results of DSSEP findings in neutral and dynamic positions†

Neutral Extension Flexion

N13 N20 N13 N20 N13 N20

Latency (ms) 13.2 ± 1.1 18.88 ± 1.09 13.25 ± 1.01 19.06 ± 1.01 13.14 ± 1.07 18.95 ± 1.07

p_value ‡ 0.15 0.09 0.43 0.3

Amplitude (uV) 2.66 ± 1.42 2.7 ± 1.59 2.17 ± 1.29 2.53 ± 1.3 2.18 ± 1.59 2.56 ± 1.54

p_value ‡ 0.000017 *** 0.29 0.0026 ** 0.25

Amplitude Ratio § 0.72 ± 0.34 0.97 ± 0.29 0.73 ± 0.43 0.97 ± 0.29

Absent waves(Left, Right) ¶ 4 (4,4) 0 8 (7,6) 2 (1,2) 10 (7,9) 1 (1,1)

** p_value< 0.01; *** p_value< 0.001
† For absent N13 or N20 waves, their latencies were excluded and amplitudes were set as the baseline value (0 mV) for statistical analysis
‡ The p_values were calculated with the student’s t-test by comparing the DSSEP value at dynamic (extension or flexion) position with neutral position
§ Each patients’ amplitude ratios were calculated with the following method: Amplitude Ratio = amplitude at dynamic (extension or flexion) position ÷ amplitude
at neutral position
¶ The number of patients whose waves at either left or right side at specific position was lost. The number of absent waves at left and right sides are respectively
listed in the bracket
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Ratio, Central_Ratio and 1/4-Lateral_Compression_Ratio
in MRI and cervical segmental instability in dynamic X-
ray showed more severe neurological dysfunction at ex-
tensions and flexions. Patients with diffuse intramedullary
T2 hyperintensity with obscure and faint borders in MRI
(Ax-CCM type 1) had their electro-neurophysiology most
severely impacted at extension. While patients with focal
intramedullary T2 hyperintensity and faint borders (Ax-
CCM type 2) had their DSSEP changed most greatly at
flexion. Our findings suggested that the compressive de-
gree evaluated by the three mentioned MRI measure-
ments and segmental instability evaluated by dynamic X-

rays were associated with the extent of the dynamic neural
deficit of the chronic compressive spinal cord. Patients’
different MRI intramedullary T2 hyperintensity patterns
may suggest different modes of transient dynamic spinal
cord injuries and distinct pathophysiology. These radio-
graphic findings might have good potentials in aiding the
diagnosis and prognostication of CSM clinically.
Our previous study has already proven the diagnostic

effect of DSSEP N13 amplitude ratios [15]. Transient or
reversible cervical cord dysfunction resulting from dy-
namic cervical cord compression may lead to the deteri-
oration of some electrophysiological parameters, making

Fig. 3 Pearson correlations between the DSSEP N13 amplitude ratios and MRI measurements. The DSSEP N13 amplitude ratios were statistically
correlated with the Compression_Ratio, Central_Ratio and 1/4-Lateral_Compression_Ratio at both extension and flexion, while there were no
correlations between the DSSEP results and spinal cord sagittal diameter, spinal cord area or spinal cord/canal area ratio. * p_value< 0.05; **
p_value< 0.01; *** p_value< 0.001

Fig. 4 a. Boxplots showing the ANOVA results of the four groups based on the Ax-CCM classification system. Differences between groups were
analyzed with post hoc t-test when the ANOVA showed significant difference among groups. b. Student’s t-test results of patients’ N13_E or
N_13F in “Stable” and “Unstable” groups based on dynamic X-ray studies. * p_value< 0.05; ** p_value< 0.01; *** p_value< 0.001
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DSSEP more sensitive and effective in diagnosing CSM
than traditional static SSEP [15]. The DSSEP N13 poten-
tial mainly reflects signal transmittance through the cer-
vical spinal cord to lower brainstem levels [21].
However, the Fz reference of the C2s-Fz montage may
inject frontally recorded P14 wave into the N13 wave,
rendering the N13 potential insensitive to central gray
matter damage or dorsal column dysfunction [22, 23],
which might be a flaw in this study. A better solution
would be replacing the Fz reference with anterior cer-
vical (AC) reference, in other words, replacing the C2s-
Fz montage with C2s-AC montage [23]. Nevertheless,
the N13 potentials recorded with C2s-Fz could still re-
flect abnormalities of the forehead P13 in neuro-
transduction impaired CSM patients, and they were
proved to correlate well with the preoperative mJOA

score and Nurick grade in our study. The N20 recorded
with a C4’-C3’ montage on the scalp, however, is a near-
field potential sensitive to even a short-distance reloca-
tion of the electrode, and can be easily interfered by
brain waves [21, 24]. This explains why the N13 ampli-
tude is a more suitable parameter over the N20 ampli-
tude in CSM evaluation. In this study, we used the
DSSEP N13 amplitude ratios (N13_E and N13_F) to re-
flect transient cord dysfunction during motion in CSM
patients. A lower value corresponded to a greater neuro-
logical change and a value of 0 indicated that the SSEP
wave was absent. In other words, a smaller value may in-
dicate either a serious, repetitive, or active micro-injury
to the spinal cord during motion, or permanent damage
to the cervical cord. On the contrary, a high value corre-
sponded to less change in neurological function during

Fig. 5 Correlations between radiographic measures and clinical data. * p_value< 0.05; ** p_value< 0.01; *** p_value< 0.001. † The mJOA and
Nurick grades’ correlation with Compression_Ratio, Central_Ratio and 1/4-Lateral_Compression_Ratio were calculated with the Spearman method.
‡ The recovery rate’s correlation with Compression_Ratio, Central_Ratio and 1/4-Lateral_Compression_Ratio were calculated with the
Pearson method
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movement, and suggested either a good neurological
condition or a chronic and stable condition of the spinal
cord. Both the N13_E and N13_F showed good correla-
tions with our baseline clinical assessments and postop-
erative outcomes. Moreover, we observed a significant
decrease in only the N13_E, rather than the N13_F in
ataxic patients compared with patients without ataxia.
The CSM-caused ataxia is associated with proprioceptive
sensory deficit and dorsal columns involvement [18, 25],
and is a predictor for poorer post-surgical outcome [26].
We assume extension movement can cause severer
DSSEP decrease in ataxic patients, for it exerts more im-
pingement on the posterior aspect of spinal cord com-
pared with the flexion movement.
Compression of the spinal cord does not always cause

clinical symptoms and it is difficult to infer the degree of
dysfunction of the spinal cord from MRI findings. In this
study, we used N13 DSSEP amplitude ratios as a tool for
assessing the dynamic neurological deficit of CSM, and
compared them with MRI measurements. We found
both the N13_E and N13_F positively correlated with
the Compression_Ratio, Central_Ratio and 1/4-Lateral_
Compression_Ratio measured in MR axial images. Our
results suggested that the extent of dynamic neural dys-
function of the cord was associated with the degree of
spinal cord deformity caused by central canal stenosis as
well as lateral compression. The Compression_Ratio and
Central_Ratio are sensitive markers for myelopathy [27],
which have been used regularly in the management of
CSM. The 1/4-Lateral_Compression_Ratio has been
proved to reflect the extent of dysfunction of the corti-
cospinal tracts [28]. However, there was no correlation
between the DSSEP results and the spinal cord sagittal
diameter, area, or Cord/Canal Area Ratio. An explan-
ation for it was that the spinal cord’s absolute sagittal
diameter and cross-sectional area depend on several fac-
tors including height, cervical segmental level (greatest
at C4), and age (greatest at the 3rd decade of life) [29–
31], which vary substantially between individuals. The
Cord/Canal_Area_Ratio failed to reflect the dynamic
neural impact because it could not reflect the compres-
sion degree in some cases. For some patients with severe
compression, the spinal cord and subarachnoid space
may be flattened, with the spinal cord area and Cord/
Canal Area Ratio remaining unchanged.
Intramedullary T2WI hyperintensity has been proved

to be a sensitive marker for severe myelopathy and poor
prognosis by many studies [32–34], and is thought to re-
flect a broad spectrum of pathologic changes from re-
versible edema and inflammation to irreversible vascular
ischemia and cystic necrosis [35, 36]. However, not all
T2WI signal changes are the same, and the changes ap-
pear in 2 broad forms depending on the degree of inten-
sity deviation and the patterns of the signal change [37,

38]. The Ax-CCM grading system is based on the
morphology and area of intramedullary hyper-intensity
on axial T2WI and has been proved to correlate well
with clinical pictures [8]. In this study, we used the Ax-
CCM grading system to evaluate the CSM patients, and
found both the N13_E and N13_F varied statistically
(ANOVA, p < 0.05) among different Ax-CCM groups.
The N13_E and N13_F in the Ax-CCM Type 1 and 2
groups were lower than that in the other two groups,
suggested spinal cords in these groups were more vul-
nerable during motion. Interestingly, we found patients
in Ax-CCM Type 1 group were most severely affected at
extension, while the patients in Ax-CCM Type 2 group
were at flexion. According to You et al., the type 1 pat-
tern seems to indicate an acute, transient, and recupera-
tive cord injury with relatively good circulation [8],
making the spinal cord more vulnerable at extension be-
cause of the “pincer effect”, but relatively less affected at
extension. The Ax-CCM type 2 pattern, or the so called
“snake-eye appearance” in MRI, however, may indicate
the occlusion of anterior radiculomedullary arteries and
poorer spinal cord circulation in a previous CT angiog-
raphy study [39]. The vasculature of the spinal cord is
organized as such that its ventral aspect and grey matter
is supplied centrifugally by the central artery and the an-
terior part of the vasocorona, both of which arise from
the anterior spinal artery. As a result, patients in the Ax-
CCM type 2 group tended to suffer greater neurological
deterioration in the flexion position when their spinal
cords are compressed from the ventral aspect where
their anterior spinal arteries are compressed. Restuccia
et al. reported that neck flexion causes a significant amp-
litude decrease of the N13 cervical response in patients
with Hirayama disease [40]. In the disease, forward dis-
placement of the cervical dural sac and compressive flat-
tening of the lower cervical cord occurs during neck
flexion [41]. This causes occlusion of the anterior spinal
artery in the lower cervical spinal cord and subsequent
ischemia in the anterior horn cells [41, 42]. If left un-
treated, Hirayama disease will result in lower cervical
spinal cord atrophy and “snake-eye appearance” in MRI,
which are considered negative prognostic indicators
[42]. The exact pathophysiology of the cervical cords
with different patterns of intramedullary T2 hyperinten-
sity during motion still needs to be further studied.
We also found the N13_F were significantly lower

among patients with cervical segmental instability, while
the N13_E did not show a significant difference. We as-
sume it was because patients with cervical segmental in-
stability suffered greater subluxation and (or) rotation
instability during flexion movements. During extension,
the relative movements between the adjacent vertebrae
of the unstable segment are generally milder, because
the superior and inferior articular processes from
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adjacent vertebrae can help stabilize the cervical seg-
ment. Therefore, for CSM patients with segmental in-
stability, cervical canal stenosis and neurological
deteriorations mainly occurred at the flexion position.
Finally, we compared the radiographic data with base-

line mJOA scores, Nurick grades and 2-year postopera-
tive recovery rates. Compression_Ratio, Central_Ratio,
1/4-Lateral_Compression_Ratio, Ax-CCM types and cer-
vical segmental instability in radiographs were statisti-
cally related to recovery rates. Apart from the 1/4-
Lateral_Compression_Ratio, all these parameters also
correlated with preoperative clinical assessments. These
findings further testified the clinical utility of these
radiographic parameters.
Our study had several limitations. Firstly, the reference

electrode for the N13 should be located beyond the
scalp, such as the anterior neck. We would modify our
DSSEP method in our future studies. Secondly, this is a
single-center retrospective study, which is limited in
depth. A prospectively designed study with dynamic
SSEPs is warranted to address this problem. Thirdly, not
all patients received uniformed treatment, therefore we
could not rule out other factors that different surgical
methods may have on patient outcomes. Lastly, the sam-
ple size of the study was relatively small, limiting statis-
tical power. In the future, we plan to expand the sample
size to confirm the efficacy of our method.

Conclusions
The spinal cord compression degree parameters includ-
ing the Compression_Ratio, Central_Ratio and 1/4-Lat-
eral_Compression_Ratio and the Ax-CCM classification
system in MRI axial images as well as cervical segmental
instability in dynamic X-ray corresponded to the dy-
namic neurological deficit of CSM. They could serve as
substitutes to evaluate neurological damage in the ab-
sence of DSSEP to some extent, and reflect symptom se-
verity and predict prognosis. Different intramedullary T2
hyperintensity patterns were associated with different
DSSEP characteristics at extension and flexion, suggest-
ing their differing pathophysiology.
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