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1. Introduction

Degenerative cervical compressive myelopathy (DCCM) is a pro-
gressive degenerative spinal cord disease and the leading cause of spinal
cord dysfunction in the elderly population worldwide (Akter et al., 2020;
Chen et al., 2001; Fehlings et al., 2017a; Nouri et al., 2015). Pathologi-
cally, DCCM is characterized by spinal cord compression due to pro-
gressive narrowing of the diameters of the spinal canal secondary to
degenerative changes in the cervical spine (New et al., 2014). Clinically,
DCCMmay present with numbness, weakness, neck pain, loss of dexterity
and gait problems (Fehlings et al., 2017b; Lubelski et al., 2016). Signal
alterations in T1 and T2 magnetic resonance imaging (MRI) sequences
can reflect pathological changes in the spinal cord and become reliable
predictors of surgical outcomes (Wang et al., 2016; Nouri et al., 2017a).
Intraoperative neurophysiological monitoring (IONM) is at present
widely applied in spinal surgery for deformity and cancer, with the aim of
predicting and possibly preventing postoperative neurological worsening
(Devlin, 2007; Di Martino et al., 2019; Tamaki and Kubota, 2007). Within
IONM, the direct wave (D-wave) has been proven to be the strongest
predictor of long-term motor outcome in spinal cord tumor surgery, but
its role in spinal decompression for DCCM remains undetermined (Deletis
and Sala, 2008; Sala et al., 2006, 2007, 2019). Overall, the value of IONM
in DCCM surgery has been explored in a few studies (Park et al., 2018;
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Resnick et al., 2009; Takeda et al., 2018; Sutter et al., 2015). Anecdotally,
Wang and coworkers have recently reported that patients with intra-
operative improvements of motor evoked potentials (MEPs) during cer-
vical cord decompression may enjoy better early and long-term
neurologic recovery (Wang et al., 2016). Therefore, our primary aim was
to explore both radiological and neurophysiological changes and any
correlation between MRI features and neurological outcome in patients
submitted to laminotomy for DCCM.

2. Methods

The present prospective study was carried out on a sample of patients
with multilevel cervical myelopathy who were treated with posterior
decompression and who agreed to voluntarily undergo a clinical and
neurophysiological evaluation before, during and 6months after surgery.
Informed consent from all patients and approval from the Institutional
board were obtained to collect the data presented in this study.

Clinical evaluation. On admission and at follow-up, all patients un-
derwent a detailed neurological examination. The modified Japanese
Orthopedic Association score (mJOA) was administered pre-operatively,
at discharge and 6 months after surgery (Kopjar et al., 2015). The
neurological improvement rate was calculated by the following equation:
[(6-months-postoperative JOA score-preoperative JOA score)/(18 (full
score) - preoperative JOA score) *100%] (Nouri et al., 2015). Patients
izia 1, 30027, San Don�a di Piave, Italy.
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Abbreviation and acronyms

DCCM: Degenerative compressive cervical myelopathy
IONM: Intraoperative neuromonitoring
MEP: Motor Evoked Potential
i-MEP: intra-operative MEP
i-AMEP: intra-operative MEP Amplitude
pr-AMEP: pre-operative MEP Amplitude
pr-LMEP: pre-operative MEP latency
p-MEP-6m: post-operative MEP at 6 months
p-AMEP-6m: post-operative MEP amplitude at 6 months
p-LMEP-6m: post-operative MEP latency at 6 months
SEP: Sensory evoked potential
i-SEP: intra-operative SEP
pr-SEP: pre-operative SEP
i-ASEP: intra-operative DSEP amplitude
p-SEP 6 m: post-operative SEP at 6 months
p-ASEP-6m: post-operative SEP amplitude at 6 months
D-wave: direct wave
i-AD-wave: intraoperative D wave amplitude
i-LD-wave: intraoperative D wave latency
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were categorised into mild (mJOA� 15), moderate (mJOA¼ 12–14) and
severe (mJOA� 11) disability groups. A difference in one point detected
on post-operative mJOA score was considered as significant minimum
clinically important difference (MCID), as per accepted estimates (1–2
points) for cervical myelopathy patients (Tetreault et al., 2015a).

MRI Analysis. Based on sagittal spinal cord MRI features and with the
help of an expert neuroradiologist we considered 2 main groups based on
the presence of signal changes only on T2WI (T2WI-only) or either on
T2WIþ T1WI (T2WIþ T1WI) (Mizuno et al., 2003; You et al., 2015) and
2 subgroups, taking into account the border of the lesion: diffuse-T2WI i.e.
poorly delineated hyperintense areas in T2 weighted images, and distinct
T2WI i.e. well demarcated wedge or nodular shaped areas also in T2
weighted images (Fig. 1 and Table 2), both sagittal and axial. For each
Fig. 1. Different MRI pattern based on sagittal signal changes on T2 Weighted and T
on T1WI (B) T2WI þ T1WI (see arrow) with diffuse border on T2WI (C)T2WI þ T1

2

MRI pattern, clinical and neurophysiological outcomes were analyzed.
IONM setting for intraoperative neurophysiological assessment. Intra-

operative neurophysiological monitoring was performed using a dedi-
cated equipment (ISIS Neurostimulator, INOMED, Germany). MEPs and
somatosensory evoked potentials (SEPs) baseline values were saved
immediately after prone positioning of the patient. At laminar exposure
all potentials were re-tested and compared with the baseline values; an
electrode for D-wave recording was positioned in the epidural space
through an interlaminar bone window distal to the level of cord
compression. After lifting the laminae, IOMN signals were re-checked to
detect any changes from the previous recordings. A final run of IOM
signals was achieved at the end of the surgical procedure. MEPs were
obtained performing transcranial electrical stimulation using cork-screw
electrodes placed on C1, C2, C3 and C4 according to the International
10–20 System (SI) 25. Trains of five pulses were delivered at intensities
ranging from 50 mA to 200 mA; pulse width was set to 500 msec and
inter-stimulus interval to 4 msec. MEPs were recorded using subdermal
needle electrodes placed bilaterally in the extensor digitorum communis
(EDC) and the abductor pollicis brevis (APB) for the upper limbs and in
the tibialis anterior (TA) and the abductor hallucis brevis (AHB) for the
lower ones. D-waves were elicited performing transcranial electrical
stimulation using cork-screw electrodes placed on C1 and C2 according
to the SI. Single pulse stimulation was delivered at intensity of 200 mA;
the pulse width was set to 500 msec. The recording electrode was placed
in the epidural space distal to the level of cord decompression. SEPs were
obtained with electrical stimulation of the median nerve at the wrist for
the upper limbs and posterior tibial nerve at the ankle for the lower limbs
(rate was 3.7 Hz, intensity between 20 mA and 30 mA, pulse width 500
msec). Cortical responses were recorded from cork-screw electrodes
placed on C3', C4' and Cz' referred to Fz according to SI.MEPs, SEPs and D
wave amplitude and latency were collected before and after
decompression.

An increase in amplitude higher than 50% of either intra-operative
MEP amplitude (i-AMEP), intra-operative SEP amplitude (i-ASEP) or
intraoperative D wave amplitude (i-AD-wave) at closing after decom-
pression versus the opening baseline record was considered a ‘positive
change’, while a reduction in amplitude to lower than 50% of the base-
line record was considered as a ‘negative change’.
1 Weighted Images (A) T2WI-only type with diffuse border and no signal change
WI (see arrow) with distinct border on T2WI.
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Pre- and post-operative neurophysiological assessment. All patients were
submitted to upper and lower limbs MEPs and SEPs. Neurophysiological
tests were performed preoperatively and six months after surgery. MEPs
were recorded from the Abductor Pollicis Brevis (APB) muscle (or
Abductor Digiti Minimi - ADM if signs of tunnel carpal syndrome were
present) in the upper limbs, and from the Abductor Hallucis (AH) muscle
in the lower limbs. Stimulation was performed with a circular coil at
150% of motor threshold. SEPs from the upper limbs were obtained by
stimulating the median nerve (or ulnar nerve if electrophysiological signs
of tunnel carpal syndrome were present). Recording electrodes were
positioned at the Erb’s point ipsilateral to the stimulation (referred to
contralateral Erb), CV7 (referred to jugular site) and from C3’/C4’
contralateral to stimulation (referred to C4’/C3’ ipsilateral to stimulation
and Fz), according to SI. SEPs from the lower limbs were obtained by
stimulating the tibial nerve at the ankle; recording electrodes were
positioned at the popliteal fossa (bipolar recording), T10 (referred to hip
contralateral to stimulation), Cz, C ipsilateral to stimulation (referred to
Fpz) and FPZ referred to lobe ipsilateral to stimulation. Bipolar stimu-
lation (0.1 msec duration, 3.3 Hz frequency) was performed at motor
threshold. A band pass filter was fixed at 10 Hz-3KHz for the upper limbs
and at 10 Hz-2KHz for the lower limbs. MEPs’ and SEPs’ cortical
amplitude, latency, and central conduction time (CCT) were analyzed
before and after surgery. An increase in amplitude higher than 50% in
either post-operative MEPs at 6 months (p-AMEP 6m), and or post-
operative SEP amplitude at 6 months (p-ASEP 6m) compared to the
pre-operative values, were considered as ‘positive change’.

Surgical technique. Anaesthesia was maintained using Propofol,
Remifentanil and Fentanyl (intermittent infusion), based on haemody-
namic response. No muscle relaxant or inhalation agents (sevoflurane or
nitrous oxide) were administered during IONM recording. An open door
laminoplasty as described by Hirabayashi (Hirabayashi et al., 1983) and
modified by our group as reported in the past by Faccioli and co-workers,
was used in all patients to decompress the cervical spinal cord (Faccioli
et al., 1987). The laminae were exposed through a midline incision fol-
lowed by sub-periosteal bilateral dissection of the splenius and semi-
spinalis capitis, lower semispinalis cervicis, and multifidus muscles.
Unlike in the original Hirabayashi’s technique, the spinal process and
interspinous ligament were both removed. Before any decompression of
the spinal cord, a D-wave probe was inserted in the epidural space
through an interlaminar window immediately distal to the more caudal
laminotomy. A high-speed drill with a 2 and 4 -mm diamond burr was
used to make a hinge medial to the lamino-articular junction, within the
outer cortical margins of the lamina. Each lamina was bent to the hinge
side, then gently lifted to increase space in the spinal canal and stabilised
with a 3/0 Mersilene stitch to the paravertebral muscle (Fig. 2). Hae-
mostasis was obtained with a combination of bipolar cautery and
absorbable haemostatic products. An extradural drain was routinely
placed and then removed 24 h after surgery. Perioperative antibiotic
prophylaxis with Cefazolin was administered 15–60 min before incision
and continued for 24 h. A combination of mechanical compression with
stockings and low molecular weight heparin was used for prevention of
3

venous thromboembolism. All patients were offered a soft collar for
better postoperative comfort.

Statistical Analysis. With the aim of facilitating correlation with clin-
ical outcome and preoperative MRI pattern, we extracted the average
sum of the overall percent changes for amplitude and latency of the
evoked potentials recorded at upper (ABP or ADM muscles) and lower
limbs (AHB muscle).

Statistical analysis was performed using both Stata and Microsoft
Excel 365MSO, 2018. The Chi-square test was used for dichotomous data
to compare pre-operative characteristics on MRI and improvement of at
least 1 point on the mJOA scale at 6 months; the same statistical evalu-
ation was used to compare MRI features and intra and post-operative
neurophysiological improvement over >50% of the baseline. Student’s
t-test was used to compare changes in mJOA scores pre- and post-
operatively, as well as neurophysiological data before and after sur-
gery. A linear regression was used to investigate correlation among MRI
features, neurophysiological variation, and clinical outcome, with the
threshold of a change of 1 point in the score of the mJOA scale. A
regression test was also used to assess the effect of independent variables
(e.g., sex, age, duration of symptoms, preoperative mJOA score) on the
dichotomised long term neurophysiological and clinical outcome
(improved or not improved). For all tests, a p value of <0.05 was
considered significant.

3. Results

Twenty-seven patients affected by DCCM were enrolled between
March 2017 and October 2018. The average age of the cohort was 63.1
years (range, 42–84). Males accounted for 55.5% (15) and females for
44.4% (12) of the enrolled patients. The most common symptom at
presentation was gait instability (10 patients, 37%). On admission, 15
patients (55.5%) had a mild disability, 10 patients (37%) had a moderate
and 2 (7.4%) a severe disability according to the mJOA classification.
General demographics are reported in Table 1. No association at
regression analysis was found between pre-operative MRI patterns and
pre-operative mJOA score. The average duration of symptoms was 26.7
months before admission, and patients with T2WI-only MRI patterns had
shorter clinical histories (15.07 months on average) than those with
T2WI þ T1WI patterns (38.3 months on average).

At the 6 months follow-up, 17 patients (62.9%) improved their mJOA
score of almost 1 point, with a mean recovery ratio (RR) of 69%. No
patient showed deterioration of their mJOA score at 6 months, while 10
(37%) had a mJOA score at follow-up that was like the one obtained
preoperatively. A significant difference was found between the mean
preoperative mJOA score and the score detected at discharge (14.7 vs
15.77; p¼ 0.047) and at 6months (14.7 vs 15.8; p¼ 0.0309) respectively
(Table 3). On logistic regression, no relationship was found between
independent variables (e.g., sex, age, duration of symptoms, preoperative
mJOA score) and mJOA recovery at the last follow up. Similarly, no
relationship was found between the same independent variables and p-
AMEP-6m positive change.
Fig. 2. Open door laminoplasty as described origi-
nally by Hirabayashi and modified by our group as
described by Faccioli et al. (You et al., 2015):
spinous processes are drilled away and laminae are
bent to the hinge side. In order to keep the flap in
this position, sutures are passed through drill holes
in the laminae and corresponding paravertebral
muscles. (a) schematic drawing with gentle
permission of Faccioli et al. (You et al., 2015) ; (b)
intraoperative photo showing an adequate spinal
cord decompression with improvement of i-D-wave
and i-AMEP.



Table 1
Baseline patient characteristics (n ¼ 27): age, gender, mJOA score, clinical examination.

Mean value n %

Age (years) 63 (42–84)
Male:Female 15:12 55.5–44.5

Duration of symptoms (months)
26.7 (3–212)

n
%

Onset Symptom
Gait impairment

10 37

Cervico-brachial pain 6 22.2
Pain lower limbs 1 3.7
Clumsyness 2 7.4
Motor impairment 3 11
Sensory changes 4 14.8
Paraesthesiae 1 3.7

Mean value
n %

Pre-op mJOA
14,7 (11–18)

Mild disability mJOA � 15 15 55.5
Moderate disability mJOA 12–14 10 37.03
Severe disability mJOA ≤11 2 7,4

n
%

Motor impairment
Clumsy hands

17 62.9

Pyramidal signs (Babinski, impaired gait, hyperreflexia, spasticity)
19 70.3

Limb weakness
17 62.9

Sensory symptoms
19 70.3

Table 2
MRI Sagittal signal changes alterations: signal pattern changes on T2WI, T2WI þ
T1WI and the border of the lesion (Diffuse type and Distinct Type).

MAIN GROUP � n Diffuse distinct

T2WI only 13 11 2

T2WI þ T1WI 14 6 8

Tot 27 17 10

Table 3
Clinical improvement (mJOA score) after cervical decompression at discharge
and at last follow up (6 months).

Table 3 A Pre-op
score

Score at
discharge

p-
value

6-mo
follow-up

p-value

Mean mJOA
score

14.71 15.77 0.047a 15.8 0.0309a

a Bold values refer to statistical significance.
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Neurophysiological data and clinical outcome. Recordable i-MEPs were
obtained in 25 patients (92.6%). A significant increase in i-AMEPs
amplitude at upper and lower limbs after decompression was recorded
(from 0.024 to 0.419 μV, p¼ 0.00002 for upper limbs and from 0.0882 to
0.168 μV, p ¼ 0.004 for lower limbs). An increase in MEP amplitude (i-
AMEP) over 50% was recorded in 21 patients (84%).

A stable D-wave could be recorded in 19 patients (70%). An increase
in intraoperative D wave Amplitude (i-AD-wave) was observed in 9 pa-
tients (47.3%), although an improvement over 50% after laminotomy
was recorded in only 1 patient. No significant reduction of i-LD-Wave or
improvement of i-AD-Wavewas recorded after spinal cord decompression
except in one case.

Post-operative neurophysiological assessment. Outpatients’ neurophysi-
ological data was obtained in 26 patients (96.2%). A significant reduction
4

in post-operative MEP latency (from 24.47msec to 23.43; p ¼ 0.01) and
central conduction time (from 9.17 msec to 8.53; p¼ 0,03), associated to
a significant increase of MEPs amplitude (from 1.91 μV to 2.29; p ¼
0.001) was recorded in the upper limbs. With regards to the lower limbs,
there was a significant reduction of CCT (from 16.88 to 15.61; p ¼ 0.02)
and an increase in MEPs amplitude (from 0.98 to 1.46; p ¼ 0.002). In 4
patients, cortical MEPs recorded from upper and lower limbs reappeared
after surgery. In 2 patients transcranial MEPs from the lower limbs re-
emerged after decompression. No significant change was obtained from
SEPs data after surgery. For details, please see Table 4.

MRI features, IONM, post-operative neurophysiological and clinical
outcome. A T2WI-only pattern was described in 13 patients (48%) while a
T1WI þ T2WI one in 14 (52%). A diffuse-border signal change on T2WI
(diffuse-T2WI) was present in 17 patients (62.9%) and its distribution in
the 2 main groups was 11 for T2WI-only and 6 for T1WI þ T2WI groups,
respectively.

(Table 2). A significatively higher proportion of patients in the T2WI-
only pattern group improved their mJOA score at follow-up, compared
with the T1WI þ T2WI pattern group (84.6% vs 42.9%; p ¼ 0.0284)
(Table 5).

All patients with diffuse border of the two main groups (either T2WI-
only and T1WIþ T2WI) and concomitant increase of i-AMEP over 50% (n
¼ 14) improved their clinical outcome at the last follow-up, while pa-
tients with a distinct border (belonging to either the T2WI-only or the
T1WIþ T2WI group) and concomitant increase of i-AMEP over 50% (n¼
7) did not show any clinical improvement (Table 6, Figs. 3 and 4).

Remarkably, the rate of patients with i-AMEP increase (>50%) after
cervical decompression was higher in patients with pre-operative T2WI-
only signal pattern than T2WI þ T1WI group (100% vs 69%; p ¼ 0.036)
(Table 5). Patients with T2WIþ T1WI pattern showed instead only a mild
significant neurophysiological improvement on p-AMEP 6m compared to
those with T2 WI-only alteration on MRI (85.7%, n ¼ 12/14 vs 50%, n ¼
6/12; p ¼ 0.049) (Table 5).

No clinical differences were seen at the last follow-up between



Table 4
Neurophysiological SEP and MEP parameters before and 6 months after surgery SEP: somatosensory evoked potentials; MEP motor evoked potentials; PRE: before
surgery; POST: six months after surgery; lat: latency; ampl: amplitude; CCT: central conduction time; SD: standard deviation.

SEP (upper limb) MEP (upper limb)

N20 lat N20 ampl CCT (N20–N13) MEP lat MEP ampl CCT

PRE POST PRE POST PRE POST PRE POST PRE POST PRE POST

Mean 21.06 20.87 3.30 3.69 6.84 6.73 mean 24.47 23.43 1.91 2.29 9.17 8.53
SD 1.49 1.10 1.78 1.83 1.18 0.84 SD 4.43 3.74 1.54 1.57 3.50 3.13
t-test 0,10 0.07 0.48 t-test 0.01a 0.01a 0.03a

SEP (lower limb) MEP (lower limb)
P40 lat P40 ampl CCT (N22-NP40) MEP lat MEP ampl CCT
PRE POST PRE POST PRE POST PRE POST PRE POST PRE POST

Mean 44.64 44.67 1.93 1.83 19.14 19.61 mean 43.08 42.51 0.98 1.46 16.88 15.61
SD 3.70 3.41 1.17 0.97 2.32 2.70 SD 5.72 5.72 0.81 1.15 4.81 4.37
t-test 0.91 0.41 0.13 t-test 0.21 0.002a 0.02a

a Bold values refer to statistical significance.

Table 5
Relationship between pre-operative MRI Pattern and, i-AMEP, p-AMEP and mJOA score improvement at last follow-up.

MRI PATTERN
mJOA 6mo Improved mJOA 6mo not improved tot P i-AMEP

>50%
i-AMEP
<50%

Tot P p-AMEP 6 m
>50%

p-AMEP 6 m
<50%

tot P

T2WI þ T1WI
6 8 14 0.0284 9 4 12 0.036 12 2 14 0.049
42.9% 57.1% 69% 30% 85% 14%

T2WI only
11 2 13 12 0 13 6 6 13
84.6% 15.4% 100% 50% 50%
17 10 27 12 13 25 18 8 26

*Bold values refer to statistical significance.

Table 6
Relationship between diffuse Vs distinct MRI patterns and clinical outcome.

mJOA
Improved
(n)

mJOA
not
improved
(n)

n % n % P-Val

Diffuse border þ i-AMEP improved (n ¼ 14) 14 100 0 0 < 0.05
The Distinct border þ i-AMEP improved (n ¼
7)

0 0 7 100

*Bold values refer to statistical significance.

C. Soda et al. Brain and Spine 2 (2022) 100909
patients with pre-operative T2 WI-only signal changes who presented an
i-AMEP increase and those with the same radiological pattern who did
not show any change of i-AMEP.

In order to investigate not only the total number of patients
improving, but the range of improvement we evaluated the mean pre-
operative, post-operative and 6 months mJOA score in the following
subgroups: T2WI-only, T2WI þ T1WI, diffuse/distinct border on MRI, i-
AMEP change lower or higher than 50%, p-AMEP change lower or higher than
50%.

Patients with T2WI -only pattern showed a mean preoperative and
post-operative mJOA score of 14.6 and 16.15 respectively (p¼0.034),
that became 16.3 at 6 months after surgery (p¼0.02).

Patients with T2WIþ T1WI pattern showed a non-significant range of
improvement between mJOA score before surgery (14.7), after surgery
(15.4) (p¼0.39) and at 6 months (15.6) (p¼0.2).

A significant range of improvement was seen in the diffuse T2WI
subgroup (preoperative mJOA score: 14.58; post-operative: 16.9;
p¼0.004; 6 months f-up: 16.52, p¼0.0018) while no variation was seen
for the distinct-T2WI subgroup of patients (mean pre-operative mJOA:
14.9; mean post-operative mJOA: 14.9; mean f-up mJOA: 14.9).

Patients with i-AMEP >50% showed a significant mean score
improvement at 6 months (14.76 vs 16.14; p¼0.03) but not at 6 months f-
up (14.76 vs 15.8; p¼0.1). No important variation was seen for i-AMEP<
5

50% patients (15.2 vs 15.7 vs 16).
Similarly, the subgroup with p-AMEP > 50% showed a significant

change both in the post-operative (14.83 vs 15.83; p ¼ 0.08) and 6
months f-up mJOA scores (14.83 vs 16.16; p¼0.03), while the
improvement of the scores in the subgroup p-AMEP <50% was not
relevant (14.6 vs 16 vs 15.5 respectively).

4. Discussion

The definition of reliable and affordable prognostic factors in the
decision-making process of surgical treatment for DCCM can be chal-
lenging. Many variables have been tested to date. Namely, duration of
symptoms, preoperative neurological condition, age and smoking habit
are most frequently cited predictors of neurological outcome (Tetreault
et al., 2015b; Uchida and Nakajima, 2014). This study focused on eval-
uating the relationship between positive changes during IONM, preop-
erative MRI characteristics on sagittal and axial view and functional
improvement in patients with DCCM using mJOA score before and at 6
months after surgery.

To the best of our knowledge, no studies published so far have
focused on the evaluation of potential relationships between pre-
operative MRI patterns, IONM including D-wave, outpatient neuro-
physiological data before and after surgery and clinical outcome in
DCCM. According to previous studies, IONM can verify the functional
integrity of the corticospinal tracts with a high sensitivity and specificity
(Hilibrand et al., 2004). Current clinical guidelines for spinal surgery
recommend multimodal IONM including SEPs and MEPs, as a reliable
and valid diagnostic instrument to assess spinal cord integrity (Sala et al.,
2007, 2019; Hilibrand et al., 2004; Hadley et al., 2017). Some authors
have provided an electrophysiological method useful to reach a prog-
nostic evaluation of cervical cord recovery for DCCM patients. Wang and
Park observed that DCCM patients have a favorable prognosis in terms of
neurological recovery when they demonstrate an increase in i-AMEP
(>50%) during cervical spinal cord decompression (Wang et al., 2016;
Park et al., 2018). The D-wave has proven to be the strongest predictor of
long-term motor outcome: its preservation above 50% of the baseline



Fig. 3. This is a 51year-old woman with MRI Diffuse-T2WI pattern and mild preoperative disability (16 mJOA). Amplitude D wave (i-AD-wave) and intraoperative
MEP (i-AMEP) improvement could be seen after surgical decompression. There was also an amplitude MEP increase 6 months later (p-AMEP-6m) with a complete
functional recovery at the last follow-up.

Fig. 4. A case with MRI T2WI þ T1WI pattern: 63 years old male with pre-operative moderate disability (mJOA: 14). No intraoperative neurophysiological
improvement (i-AD-wave and i-AMEP increase) after decompression was detected. An improvement of MEP amplitude (p-MEP-6m) and clinical scores could be seen at
last follow-up (6 months even with pre-operative T1 hypo-intensity on MRI.
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amplitude typically correlates with either no deficit, if muscle MEPs are
preserved, or only a transient deficit when muscle MEPs are lost (Deletis
and Sala, 2008; Sala et al., 2007; Resnick et al., 2009; Hadley et al.,
2017).

i-MEPs can detect the functional integrity of the corticospinal tracts
with high sensitivity and specificity. Most studies mainly focused on
amplitude decrement of i-MEP alone or in combination with latency in-
crease to predict post-operatively paralysis (Sala et al., 2006; Qui-
~nones-Hinojosa et al., 2005; Witiw et al., 2018; Zileli et al., 2019). Others
demonstrated that an increase in MEP amplitude was related to post-
operative functional improvement (Wang et al., 2016; Park et al., 2018;
Nouri et al., 2017b; Kobayashi and Ando, 2018). Park and coworkers
reported functional improvement one month after surgery in patients
with an increase of i-AMEP >50% and a decrease in latency >10% (Park
et al., 2018). However, no significant differences were recorded at 6
months between patients with or without positive intraoperative
changes. Wang and coworkers pointed out that MEP amplitude is prob-
ably more accurate in predicting the surgical outcome than MEP latency
during intraoperative spinal cord monitoring (Wang et al., 2016). Both
authors agree that SEPs are not related to significant clinical improve-
ment and that the main limit of SEPs recording is that they reflect
function primarily located in the posterior columns of the spinal cord
(Wang et al., 2016; Park et al., 2018).

This study has several limitations including the enrolment of a small
number of patients with DCCM and a limited percentage of patients with
severe disability (mJOA <12). Furthermore, the adoption of a 1-point
improvement in mJOA score as MCID for cervical myelopathy could
overestimate the treatment effect. Nevertheless, in the present analysis, a
significantly higher proportion of patients in the T2WI-only pattern group
improved their mJOA score at follow-up, while patients with the T1WI þ
T2WI pattern group did not. In addition, all patients with diffuse border
of the two main groups (either T2WI-only and T1WI þ T2WI) and
concomitant increase of i-AMEP over 50% improved their clinical
outcome at the last follow-up, while patients with a distinct border
(either belonging to T2WI-only or T1WIþ T2WI groups) and concomitant
increase of i-AMEP over 50% did not show any clinical improvement.
This result might suggest that inflammatory changes within the com-
pressed spinal cord may be reversible after decompression, and that
clinical improvement could be due to a reduction of intramedullary
oedema, with micro-reperfusion and reductions in activation of microglia
and astrogliosis (Tamaki and Kubota, 2007; Park et al., 2018; Kopjar
et al., 2015; Mizuno et al., 2003; Pratheesh et al., 2014; Holly et al.,
2009). Moreover, the rate of patients with i-AMEP increase (>50%) after
cervical decompression was higher in patients with pre-operative
T2WI-only signal pattern than T2WI þ T1WI group. A significant range
of improvement in the mean value at the mJOA score between
pre-operative, post-operative and last follow-up was seen in the
T2WI-only, diffuse T2-WI, i-AMEP>50 and p-AMEP >50 subgroups.

We confirm that MEP amplitude is probably more effective in pre-
dicting the surgical outcome than MEP latency or SEPs during intra-
operative spinal cord monitoring. We have also demonstrated that i-SEPs
do not change after spinal decompression, do not correlate with clinical
outcomes, and reflect a low sensitivity (Wang et al., 2016; Deletis and
Sala, 2008; Park et al., 2018; Hilibrand et al., 2004).

Patients with T2WI þ T1WI pattern showed instead only a mild sig-
nificant neurophysiological improvement on p-AMEP 6m compared to
those with T2 WI-only alteration on MRI. Different pre-operative MRI
signal patterns can reflect different pathological grades of spinal cord
degeneration and, as already suggested, are reliable prognostic factors of
surgical outcomes (Chen et al., 2001; Nouri et al., 2017a; Park et al.,
2018; Kopjar et al., 2015; Witiw et al., 2018; Kobayashi and Ando, 2018;
Tetreault et al., 2016). A stepwise trend toward increasing impairment
from no signal change to T2WI-only and T2WIþ T1WI has been observed,
with the last pattern apparently associated with permanent injury and
decreased functional recovery after surgery9,31.

Further neurophysiological improvements in patients with chronic
7

parenchymal injury, as in the T2WIþ T1WI radiological pattern, could be
explained, in our opinion, by an increased arterial supply and a conse-
quent restoration of blood flow and recovery of neural transmission in
local areas that are not yet infarcted (Nouri et al., 2015, 2017a; Wang
et al., 2016; Kopjar et al., 2015; Uchida and Nakajima, 2014).

Diffusion Tensor Imaging (DTI) MR and spinal cord fiber tracking
might prove useful tools for DCCM imaging, as recently demonstrated by
high fractional anisotropy at the site of compression being related to
better functional outcomes (Tetreault et al., 2015a; Witiw et al., 2018;
Vidal et al., 2017). In the future, correlation with clinical and neuro-
physiological data with DTI could provide a more precise characteriza-
tion of DCCM (Jones et al., 2013). Furthermore, a more precise analysis
of the radiological patterns, including the borders of the areas of signal
alteration, could offer more insights (Xu et al., 2020).

In previous studies the most common predictors of surgical outcome
for patients with DCCM were age, duration of symptoms and severity of
myelopathy (Fehlings et al., 2017a; Faccioli et al., 1987; Holly et al.,
2009; Tetreault et al., 2016; Vidal et al., 2017). Nevertheless, in our
sample size, the duration of symptoms did not correlate with clinical
outcome, as we observed similar clinical and neurophysiological im-
provements 6 months after decompression in patients with chronic
intramedullary signal alteration (T2WI þ TWI) who had the highest
average duration of symptoms.

5. Conclusion

Cervical spinal cord decompression for DCCM with a modified Hir-
abajashi’s open door laminoplasty as described above may not only offer
stabilisation of clinical parameters but also a significant recovery of
neurological function in a high proportion of patients, as shown in this
series. Patients with an intraoperative increase of i-AMEP higher than
50% seem to have a better overall clinical outcome. A T2WI-Only pattern
on preoperative MRI may be considered a positive prognostic factor for
clinical and neurophysiological improvement 6 months after surgery. A
post-operative clinical improvement can be expected in about half of
patients with T2WI þ T1WI pattern who also show diffuse border on
sagittal T2WI pattern.

In conclusion, IONM can not only prevent neural injury, but in
conjunction with MRI predict neural recovery after posterior decom-
pression for DCCM.
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