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Simple Summary: Despite advances in surgical and imaging techniques, intramedullary spinal cord
tumors (IMSCTs) still represent a challenge. Surgical removal of IMCTs carries a substantial risk
of spinal cord injury and neurologic morbidity. This study aimed to assess the predictive potential
of multimodal intraoperative neurophysiological monitoring (IONM) for functional outcomes in
IMSCTs. Clinical data were collected from 64 patients who underwent surgery between 2011 and
2020. Monitoring of motor evoked potentials (MEPs) and somatosensory evoked potentials (SSEPs)
was conducted for all patients, while a D-waves recording was obtained in 57 patients. Postoperative
neurologic outcomes were measured with Frankel and modified McCormick scales. D-wave moni-
toring provided valuable insights into motor outcomes, enabling us to proceed with surgery even
in cases where MEPs/SSEPs were lost. D-wave monitoring demonstrated superior accuracy and
predictive ability compared to MEPs and SSEPs alone. Multimodal IONM has the potential to signifi-
cantly enhance the extent of tumor resection while minimizing the risk of neurological morbidity in
IMSCT surgery.

Abstract: Objective: The study aimed at evaluating the efficacy and the ability of D-wave monitoring
combined with somatosensory evoked potentials (SSEPs) and motor evoked potentials (MEPs) to
predict functional outcomes in intramedullary spinal cord tumor (IMSCT) surgery. Methods: Between
December 2011 and December 2020, all patients harboring IMSCT who underwent surgery at our
institution were prospectively collected in a surgical spinal registry and retrospectively analyzed.
Patient charts and surgical and histological reports were analyzed. The multimodal IONM included
SSEPs, MEPs, and—whenever possible—D-waves. All patients were evaluated using the modified
McCormick and Frankel grade at admission and 3, 6, and 12 months of follow-up. Results: Sixty-four
patients were enrolled in the study. SSEP and MEP monitoring was performed in all patients. The
D-wave was not recordable in seven patients (11%). Significant IONM changes (at least one evoked
potential modality) were registered in 26 (41%) of the 64 patients. In five cases (8%) where the
SSEPs and MEPs lost and the D-wave permanently dropped by about 50%, patients experienced a
permanent deterioration of their neurological status. Multimodal IONM (SSEP, MEP, and D-wave
neuromonitoring) significantly predicted postoperative deficits (p = 0.0001), with a sensitivity of
100.00% and a specificity of 95.65%. However, D-waves demonstrated significantly higher sensitivity
(100%) than MEPs (62.5%) and SSEPs (71.42%) alone. These tests’ specificities were 85.10%, 13.89%,
and 17.39%, respectively. Comparing the area under ROC curves (AUCs) of these evoked potentials
in 53 patients (where all three modalities of IONM were registered) using the pairwise t-test, D-wave
monitoring appeared to have higher accuracy and ability to predict postoperative deficits with strong
statistical significance compared with MEP and SSEP alone (0.992 vs. 0.798 vs. 0.542; p = 0.018 and
p < 0.001). Conclusion: The use of multimodal IONM showed a statistically significant greater ability
to predict postoperative deficits compared with SSEP, MEP, and D-wave monitoring alone. D-wave
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recording significantly increased the accuracy and clinical value of neurophysiological monitoring in
IMSCT tumor resection.

Keywords: intramedullary spinal cord tumor; surgery; motor-evoked potentials; D-wave; neurophys-
iological monitoring

1. Introduction

Intramedullary spinal cord tumors (IMSCTs) are a rare clinical entity, accounting for
2–4% of all central nervous system tumors. Among these, spinal cord ependymomas
represent the most common subtype in adults [1–4]. The onset of IMSCTs is often insidious,
and these tumors can be symptomatically silent for years [1,2]. Despite the improvement of
surgical and imaging techniques, IMSCTs still represent a challenge. Microsurgical resection
is the first-line treatment, whereas ablative radiation therapies are considered for residual
or recurrent tumors. Nevertheless, the surgical removal of IMSCTs is associated with a
significant risk of resection-related spinal cord injury and neurologic dysfunction [2,3,5–10].

Intraoperative neurophysiological monitoring (IONM) represents a milestone in the
surgical treatment of IMSCTs as a tool to maximize tumor resection and minimize neuro-
logical morbidity.

The value of IONM lies in predicting neurological deficits and detecting a neurological
injury in time for corrective measures to be taken [3,5].

Several surgical series about IMSCTs have been published in the last two decades.
However, due to the rarity of the disease, these series are often small, span a long time, and
lack homogeneity in the application of monitoring. Moreover, the role of IONM in preventing,
rather than merely predicting, motor deficits is still a matter of debate [3–5,9–14].

This study reported our experience in the surgical management of IMSCTs. All
procedures were performed by a single spine surgeon (M.F) with the same standardized
IONM protocol provided by a single neurophysiologist (D.M.)

Multimodal IONM includes somatosensory evoked potentials (SSEPs), motor evoked
potentials (MEPs), D-waves, and electromyography.

The aims of this study were to evaluate the ability of multimodal IONM to pre-
dict new postoperative neurological deficits after IMSCT resection and statistically com-
pare the accuracy of SSEPs, MEPs, and D-waves using receiver operating characteristic
(ROC) curves.

2. Methods
2.1. Patient Population

Between December 2011 and December 2020, all patients who underwent surgery for
IMSCTs at our institution were prospectively collected in a surgical spinal registry and
retrospectively analyzed. Patient charts and surgical and histological reports were analyzed.
Informed consent to archive and process patients’ data in an anonymous form was also
obtained. Permission from our institutional ethics committee was obtained for this study
(N◦ 48/23).

2.2. Anesthesia

The anesthetic protocol for procedures with IONM at our institution includes orotra-
cheal intubation and continuous infusion of Propofol (100–150 mg/kg/min) and Fentanil
(1 mg/kg/h) without halogenated anesthetics. Bolus injections are avoided.

2.3. Multimodal Intraoperative Neurophysiological Monitoring

IONM was used in all cases. Somatosensory evoked potentials (SSEPs) and mo-
tor evoked potentials (MEPs and D-wave) monitoring were attempted in every patient.
A summary of our multimodal IONM protocol has been described in Table 1.



Cancers 2024, 16, 111 3 of 12

Table 1. Multimodal IONM.

Parameter Stimulation Registration Alarm Criteria

SSEPs

• median nerve at the wrist
• posterior tibial nerve at the ankle
• intensity 40 mA, duration 0.2 ms,

repetition rate 4.3 Hz

• CZ′-FZ: legs
• C3′/C4′-FZ: arms

• 50% drop in amplitude
• 10% prolongation

in latency

MEPs

• TES with the multipulse technique
• Short trains of 5–7 square-wave

stimuli
• duration 0.5 ms
• interstimulus interval (ISI) of 4 ms
• frequency of up to 2 Hz
• C1/C2: right arm
• C2/C1: left arm
• Cz-Fz: legs
• intensity < 200 mA.

Arm:

• abductor pollicis brevis
(APB)

• extensor digitorum
communis (EDC)

Leg:

• tibialis anterior (TA)
• abductor hallucis (ABH)

• Amplitude modifications

D-Wave

• single transcranial pulse of 0.5 ms
duration

• same TES electrodes as for
the MEPs

• epidural electrode
caudal to the lesion

• decrease >50% of the
baseline amplitude

2.4. Data Collection

Relevant clinical data were obtained from clinical notes, operative notes, and telephone
conversations with the patients or relatives. Functional and neurological outcomes were
assessed with the Frankel [15] and modified McCormick (MMS) [16] scales (Tables 2 and 3).
Neurological examination was performed immediately following microsurgical resection,
three and six months postoperatively, and yearly after that. The extent of surgical resection
was assessed on the magnetic resonance images (MRI) acquired within a week after surgery
and graded according to the criteria listed in Table 4. Tumor recurrences were detected with
a follow-up MRI examination, which was acquired six months following surgery and every
six months after that. Pathological examination confirmed histopathological diagnosis.

Table 2. Frankel grading scale.

Grade Description

A Complete motor and sensory loss
B Complete motor loss, incomplete sensory loss
C Incomplete motor loss without practical use
D Incomplete motor loss, able to ambulate with or without aids
E Normal motor and sensory function

Table 3. Modified McCormick grading scale.

Score Description

I Intact neurologically; normal ambulation; minimal dysesthesia
II Mild motor or sensory deficit; functional independence
III Moderate deficit; limitation of function; independent w/ external aid
IV Severe motor or sensory deficit; limited function; dependent
V Paraplegia or quadriplegia, even w/ flickering movement
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Table 4. Extent of resection.

GTR no tumor remnant detectable at the end of surgery or on
postoperative MRI

STR complete resection of the tumor mass with a small remnant
detectable on the postoperative MRI

biopsy less than 50% reduction in the tumor mass

2.5. Statistical Analysis

The following variables were assessed: sensitivity, specificity, positive predictive value
(PPV), and negative predictive value (NPV). Sensitivity was defined as the probability that
IONM would identify newly developed true neurophysiological deficits. Specificity was
defined as the probability that IONM would correctly identify no significant neurophysi-
ological deficit. The PPV was defined as the probability that a significant IONM change
reflected a true neurophysiological deficit. In contrast, the NPV was the probability that a
finding of no IONM change truly reflected no significant neurophysiological deficit.

Each value was assessed as a transitory deficit (24 h after surgery) and a sustained
deficit at follow-up (six months after surgery).

Receiver operating characteristic (ROC) curves were used to compare intraoperative
evoked potential changes to the onset of new persistent motor post-operative deficit.
A Pairwise t-test was used to compare the SEPs, MEPs, and D-Wave ROC curves.

Survival curves and mean survival time for recurrence were estimated using the
Kaplan–Meier method. The log-rank test was used to estimate the overall significance of
each variable included in the analysis. Using the Cox proportional hazards regressions,
hazard ratios (HR) and 95% confidence intervals (CI) were obtained. The Cox regression
model was also used to study the effects of multiple covariates on patients’ survival.

Analyses were performed with SPSS 21.0 (SPSS Inc. Chicago, IL, USA). A statistical
significance was set at p < 0.05.

3. Results

We collected data for 64 consecutive patients. Clinical, radiographic, and operative
variables are shown in Table 5. At the time of surgery, the mean age was
48.12 ± 14.55 years (range 17–79 years). Thirty-four patients presented with Frankel
Grade D symptoms (53%) and mild/moderate motor or sensory deficit (MMS grades II–III;
56%). The median preoperative MMS score was 2. Before surgical resection, the mean
duration of symptoms was 16.89 months (range 1–108 months). Fifty-three patients (83%)
presented with sensory disturbances, 30 (47%) with pain, 31 (48%) with motor weakness
and gait ataxia, and 15 (23%) with sphincteric dysfunction. Almost all patients showed
more than one symptom at the diagnosis.

Pathological diagnosis was made in all cases. Ependymomas were the most frequent
tumor subtype (38 pts, 59%), followed by cavernous angioma (6 pts, 9%) and hemangioblas-
tomas (6 pts, 9%), WHO Grade I/II astrocytomas (7 pts, 11%), and intramedullary spinal
metastases (3 pts, 5%) (Table 6). Among patients with hemangioblastomas, 30% (2 of 6)
had a known von Hippel-Lindau (VHL) syndrome. Other pathological types included a
solitary fibrous tumor (1 pt, 2%), a mesenchymal tumor (2 pts, 3%), and a paraganglioma
(1 pt, 2%). The most common location of IMSCT was the cervical spine.
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Table 5. Demographic, clinical, and radiological characteristics.

Clinical and Radiological Variables No of Patients/Value (%)

Age (years)
Mean 48.3 ± 14.55
Range 17–79

Sex
Male 35
Female 31

Symptoms at presentation
Pain 30
Motor weakness 31
Sensory disturbance 53
Gait ataxia 31
Sphinteric function 15

Duration of symptoms (mo)
Mean 16.89
Range 1–108

Preoperative Mc Cormick
I 21
II 23
III 13
IV 7
V 0

Preoperative Frankel Grade
A 0
B 2
C 6
D 34
E 22

Location
Cervical 21
Cervico-thoracic 9
Thoracic + conus 34

No. of spine segments involved
Mean 2.58 ± 1.30
Range 1–6

Table 6. Histological features of our series.

Histology

Ependymoma
Myxopapillary ependymoma 2
WHO Grade II 35
WHO Grade III 1

Astrocytoma
WHO Grade I/II 4
WHO Grade III/IV 3

Hemangioblastoma 6

Cavernous angioma 6

Metastatic lesions 3

Miscellaneous 4
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3.1. Surgical Data

The mean operative time was 231.65 ± 60.98 min (range 135–503). Gross total tumor
resection (GTR) was achieved in 48 patients (75%), subtotal tumor resection (STR) in
12 patients (19%), and biopsy was performed in 4 patients (6%) (Table 7). As seen on
pre-operative MRI, syringomyelia predicted GTR rates (54% of patients with preoperative
syringomyelia underwent GTR versus 39% of patients without syringomyelia undergoing
GTR, p = 0.0017).

Table 7. Surgical data.

Surgical Data

Duration of hospitalization in days
Mean ± SD 14.25 ± 10.15
Range 5–56

Extent of tumor resection
Gross total resection 48
Subtotal resection 12
Biopsy 4

Operative time (min)
Mean ± SD 231.65 ± 60.98
Range 135–503

3.2. Monitorability of IONM

SSEP and MEP monitoring were performed in all patients. Recording of D-waves was
achieved in 57 out of 64 patients. The D-wave was not monitorable in 7 patients (11%) with
severe neurological deficits before surgery (modified MMS IV) and lower thoracic lesions.

3.3. Intraoperative IONM Changes

In 26 (41%) of 64 patients registered significant IONM changes (at least one evoked
potential modality). In four cases (6%), these events resolved after a brief stop of surgery,
allowing a gross total resection to be achieved (stop-and-go surgery). We observed the
persistent loss of at least one of the three evoked potentials in 22 of the remaining patients
(34%). Five patients (8%) experienced a permanent worsening of their neurological status.
In these cases, SSEPs and MEPs were lost, and the D-wave permanently dropped by about
50%. In 2 cases, the procedure was definitely stopped (halt surgery) to prevent permanent
paraplegia after numerous attempts to restart it with a different approach. A residual tumor
was left in place. These patients showed a persistent new motor deficit at the 6-month
follow-up. In 17 patients (30%), the D-wave remained stable or decreased no more than
50% in combination with changes in MEPs and/or SSEPs, allowing us to continue the
surgical procedure. Among these patients, eight experienced a new transitory motor deficit,
while the other nine patients had no new postoperative deficit. In the remaining 44 (77%)
patients, the combined use of SSEP, MEP, and D-wave IONM predicted a good neurological
outcome or no new deficits. There was no relationship between the time of surgery and the
occurrence of significant changes in IONM or loss of accuracy.

3.3.1. D-Wave

None of the 48 patients who had a recordable and stable D-wave showed a new perma-
nent motor deficit at follow-up (true negative) (Table 8). Indeed, in these patients, D-wave
monitoring gave us significant information about the motor outcomes and allowed us to
proceed with surgery even when there was MEP/SSEP loss. In 17 (30%) of 57 patients, the
D-wave was stable or decreased by no more than 50% in combination with deterioration
of MEPs and/or SSEPs. In these cases, we continue surgery after a temporary stop. In
5 (9%) patients, the D-wave permanently decreased by approximately 50% with concomi-
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tant complete loss of low SSEPs and MEPs. All five patients experienced a worsening in
the neurological outcome without recovery at 6-month follow-up.

Table 8. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV),
likelihood ratio positive (LH+), likelihood ratio negative (LH−), area under the curve (AUC), and
statistical analysis of IONM.

Multimodal IONM
(SSEP + MEP +

D-Wave)
SSEP MEP D-Wave

True negative 44 40 33 45
True positive 7 10 16 7

False negative 0 6 10 0
False positive 2 8 5 5

Sensitivity 100.00% 71.42% 62.50% 100.00%
Specificity 95.65% 17.39% 13.89% 85.10%

Positive predictive value 77.75% 55.55% 75.00% 60.00%
Negative predictive value 100% 90.47% 77.50% 100%

Likelihood ratio + 23 0.86 0.725 6.67
Likelihood ratio − 0 1.64 2.69 0

AUC 0.978 0.542 0.798 0.992
95%CI 0.894–0.997 0.399–0.68 0.5820–0.836 0.878–0.996
p Value 0.0001 0.71 0.002 0.0001

In three patients, the D-wave permanently decreased by approximately 50% with
concomitant complete loss of MEPs but without loss of SSEPs. All three patients emerged
from surgery without new neurological deficits, and we consider the results of D-wave
registrations to be false positives.

3.3.2. SSEP

SSEPs could be recorded in 64 patients. Among these, 42 patients (65%) showed stable
SSEP recordings during surgery. Four (9%) patients emerged from surgery with a new func-
tional deficit in the immediate postoperative stage (false negative). Two patients returned to
their preoperative status during hospitalization; one patient experienced resolution before
the 6-month follow-up, while one patient displayed a permanent neurological deficit.

Of 18 patients who had permanent SSEP loss, 10 showed a functional deficit (true
positive) in the early postoperative stage. Among these, five patients developed deficits
resolved at the last follow-up (new transitory deficit), while five patients presented the
same deficits at the 6-month follow-up (new permanent deficit). Indeed, these patients
showed permanent MEP and D-wave loss. The other eight patients who experienced
permanent SSEP changes during surgery had no postoperative deficit (false positive).

3.3.3. MEP

Overall, 10 of 40 patients with stable MEP during surgery showed new deficits in
the immediate postoperative stage (false negative), which improved during the hospital
stay, while 33 experienced no new neurological deficit (true negative). Of 20 patients with
significant MEP changes, 5 had no postoperative deficits (false positive), 5 showed an
improvement in neurological status, and 10 patients developed a new motor deficit after
surgery. Five of these patients also showed a D-wave loss.

3.4. Sensitivity, Specificity, and ROC Curves

Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV),
positive likelihood ratio, and negative likelihood ratio analyses of each evoked potential
are shown in Table 9.
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Table 9. Comparison between D-Wave, SSEP, and MEP ROC curves.

Value

D-wave vs. SSEP
D-wave AUC 0.992
SSEP AUC 0.542
95% CI 0.357–0.901
p value 0.0018

D-wave vs. MEP
D-wave AUC 0.992
MEP AUC 0.798
95% CI 0.048–0.908
p value <0.001

Multimodal IONM (SSEPs, MEPs, and D-wave) significantly predicted the onset of
new postoperative deficits (p = 0.0001) with a sensitivity of 100.00% and a specificity of
95.65%.

However, the sensitivity of D-waves was significantly higher (100%) than MEPs
(62.5%) and SSEPs (71.42%). SSEP and MEP showed a specificity of 85.10%, 13.89%, and
17.39%, respectively.

The pairwise t-test was used in order to compare the area under ROC curves (AUCs)
of these intraoperative neurophysiological modalities.

In 53 patients harboring IMSCTs, all three modalities of IONM were recorded.
D-wave monitoring appeared to have higher accuracy and ability to predict postop-

erative deficits with strong statistical significance compared with MEPs and SSEPs alone
(0.992 vs. 0.798 vs. 0.542; p = 0.018 and p < 0.001, Table 9).

In Figure 1, the ROC curves are shown.
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3.5. Factors-Related IONM Changes

At univariate analysis, age older than 65 years (p = 0.03) and astrocytoma histology
(p = 0.001) are significantly associated with a high probability of IONM changes during
surgery. On multiple logistic regression, the only independent risk factor associated with
significant IONM changes was astrocytoma histology (p = 0.0027).

These results are summarized in Table 10.
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Table 10. Univariate and multivariate analysis of factors associated with a high probability of IONM
changes during surgery.

Univariate Analysis Multivariate Analysis

Predictor Hazard Ratio 95% CI p Value Hazard Ratio 95% CI p Value

Age > 65 0.99 0.95–1.02 0.03 0.98 0.85–1.05 0.001

Sex 1 0.6 0.2–1.6 0.85 0.89 0.1–1.9 0.75

Histology * 0.001 0.001
Astrocitoma 9.1 2.36–35.6 0.001 8.01 1.44–42.35 0.0027
Hemangioblastoma 1.6 0.18–13.71 0.62 3.2 0.5–19.8 0.1
Others 1.5 0.29–7.8 0.66 0.24 0.14–4.2 0.33

Preop Frankel Grade 0.45 0.17–1.20 0.11 0.72 0.51–4.79 0.44

Preop McCormick score 1.56 0.75–2.66 0.86 1.03 0.37–1.38 0.32

Region of spinal cord
∫

0.32 0.41
Thoracic 2.5 0.75–8.48 0.13 2.5 0.58–12.2 0.24
Conus medullaris 4.5 0.49–41.3 0.17 35.13 1.09–11.32 0.51

No, of spine segments involved 0.7 0.65–1.23 0.58 0.67 0.44–1.005 0.053
1 reference = male; * reference = ependymoma;

∫
reference = cervical.

4. Discussion

Despite the recent improvements in the management of IMSCTs, surgery still car-
ries a significant risk of intraoperative damage, with morbidity ranging from 3.7% to
7.5% [4,17–20]. IONM represents the most effective tool for identifying and monitoring the
functional integrity of both the spinal cord and the nerve roots in real time [21–30].

As mentioned, the concept behind IONM is to guide the surgeons and allow them
to prevent injury to the spinal cord through the production of signal changes rather than
merely predict.

4.1. Monitorability, Accuracy, and Clinical Value of IONM

The value of IONM in IMSCT surgery has largely been investigated, although their
role has been questioned in the recent guidelines on the use of IONMs in spine surgery
published by Hadley et al. [7].

The use of IONM is not advised by the Authors as a therapeutic tool during IMSCT
surgery (level II) or other spinal cord/spinal column surgery (level III). The authors only
recommended the use of IONM as a diagnostic tool to assess spinal cord integrity during
spine procedures (level I).

In our experience, multimodal IONM is a valuable tool for IMSCT surgery.
Combining monitoring modalities could give a more precise perspective on intraop-

erative morbidity and functional outcomes. Indeed, each IONM modality has technical,
clinical, and predictive value limitations when used alone. The accuracy of multimodal
IONM, which combines D-wave with MEP and SSEP monitoring, was very high, with
sensitivity and specificity of 100% and 95.6%, respectively, and having a PPV and NPV of
77.7% and 100%, respectively.

In our study, the D-wave monitoring showed higher accuracy and ability to pre-
dict postoperative deficits with strong statistical significance than MEP and SSEP alone
(0.992 vs. 0.798 vs. 0.542; p = 0.018 and p < 0.001, Table 9) comparing the AUC of each
evoked potential. Based on these findings, the D-wave recording considerably improved
the accuracy of neurophysiological monitoring during IMSCT surgery.

The recording of the D-wave in IMSCT surgery is a critical issue. Preexisting impair-
ments or poor preoperative neurological status are highly correlated with the baseline
ability to detect the D-waves. In our series, the D-wave was not monitorable at the begin-
ning of surgery in 7 patients (11%) because of severe neurological impairment. This data is
slightly lower than the present literature, which reported that the D-wave is not recordable



Cancers 2024, 16, 111 10 of 12

in about 30% of spinal cord surgery [8]. This finding supported the concept that patients
with severe neurological deficits who underwent surgery had a lower monitorability rate
than those with normal neurological function. In these patients, the clinical value of IONM
in preventing neurological deficits is limited.

4.2. Limits of the Study

Our study was not without limitations. This was a single-center prospective cohort
study without a non-IONM group for comparison, which prevented further regression
analysis from being conducted. In addition, the sample size is relatively small because
of the rarity of the studied condition. This group of patients was heterogeneous and
included a diverse age range. We stopped our follow-up at 24 months post-surgery. It
is possible that an extended follow-up period would be required to detect later changes.
However, monitoring was performed by the same team throughout the study (D.M.), and
all operations were performed by a single spine surgeon (MF), thus limiting a possible
source of bias.

5. Conclusions

In our study, the use of combined multimodal IONM showed a greater statistically
significant ability to predict postoperative deficits compared with SSEP, MEP, and D-wave
monitoring alone.

D-wave recording significantly increased the accuracy and clinical value of neurophys-
iological monitoring in IMSCT resection.

Although still a matter of debate in the literature, multimodal IONM may be greatly
helpful in maximizing tumor resection and minimizing neurological morbidity in
IMSCT surgery.

Author Contributions: Conceptualization, M.P.T. and M.F.; methodology, M.P.T. and F.P.; validation,
F.P. and M.F.; formal analysis, A.F.; investigation, G.C. and D.M.; data curation, S.O. and M.D.R.;
writing—original draft preparation, M.P.T. and Z.R.; writing—review and editing, M.P.T., Z.R. and
A.F.; supervision, F.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) CET Lombardia
(protocol code N◦ 48/23).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: Data are contained within the article.

Acknowledgments: We would like to thank Stefania Radice for her incomparable work in our
department. Furthermore, we would like to show our gratitude to all the Humanitas Research
Institute staff for their everyday work in the operating room.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chamberlain, M.C.; Tredway, T.L. Adult primary intradural spinal cord tumors: A review. Curr. Neurol. Neurosci. Rep. 2011, 1,

320–328. [CrossRef] [PubMed]
2. Garcés-Ambrossi, G.L.; McGirt, M.J.; Mehta, V.A.; Sciubba, D.M.; Witham, T.F.; Bydon, A.; Wolinksy, J.-P.; Jallo, G.I.; Gokaslan,

Z.L. Factors associated with progression-free survival and long-term neurological outcome after resection of intramedullary
spinal cord tumors: Analysis of 101 consecutive cases. J. Neurosurg. Spine 2009, 11, 591–599. [CrossRef] [PubMed]

3. Abdullah, K.G.; Lubelski, D.; Miller, J.; Steinmetz, M.P.; Shin, J.H.; Krishnaney, A.; Mroz, T.E.; Benzel, E.C. Progression free
survival and functional outcome after surgical resection of intramedullary ependymomas. J. Clin. Neurosci. 2015, 22, 1933–1937.
[CrossRef] [PubMed]

4. Forster, M.T.; Marquardt, G.; Seifert, V.; Szelényi, A. Spinal cord tumor surgery–importance of continuous intraoperative
neurophysiological monitoring after tumor resection. Spine 2012, 37, E1001–E1008. [CrossRef]

https://doi.org/10.1007/s11910-011-0190-2
https://www.ncbi.nlm.nih.gov/pubmed/21327734
https://doi.org/10.3171/2009.4.SPINE08159
https://www.ncbi.nlm.nih.gov/pubmed/19929363
https://doi.org/10.1016/j.jocn.2015.06.017
https://www.ncbi.nlm.nih.gov/pubmed/26234635
https://doi.org/10.1097/BRS.0b013e31824c76a8


Cancers 2024, 16, 111 11 of 12

5. Costa, P.; Peretta, P.; Faccani, G. Relevance of intraoperative D wave in spine and spinal cord surgeries. Eur. Spine J. 2012, 22,
840–848. [CrossRef] [PubMed]

6. Fehlings, M.G.; Brodke, D.S.; Norvell, D.C.; Dettori, J.R. The evidence for intraoperative neurophysiological monitoring in spine
sur-gery: Does it make a difference? Spine 2010, 35 (Suppl. S9), S37–S46. [CrossRef] [PubMed]

7. Hadley, M.N.; Shank, C.D.; Rozzelle, C.J.; Walters, B.C. Guidelines for the Use of Electrophysiological Monitoring for Surgery of
the Human Spinal Column and Spinal Cord. Neurosurgery 2017, 81, 713–732. [CrossRef]

8. Klekamp, J. Spinal ependymomas. Part 1: Intramedullary ependymomas. Neurosurg. Focus 2015, 39, E6. [CrossRef]
9. Klekamp, J. Treatment of intramedullary tumors: Analysis of surgical morbidity and long-term results. J. Neurosurg. Spine 2013,

19, 12–26. [CrossRef]
10. Kobayashi, K.; Ando, K.; Ito, K.; Tsushima, M.; Morozumi, M.; Tanaka, S.; Machino, M.; Ota, K.; Ishiguro, N.; Imagama, S.

Accuracy of intraoperative pathological diagnosis using frozen sections of spinal cord lesions. Clin. Neurol. Neurosurg. 2018, 167,
117–121. [CrossRef]

11. Cannizzaro, D.; Mancarella, C.; Nasi, D.; Tropeano, M.P.; Anania, C.D.; Cataletti, G.; Milani, D.; Fava, E.M.; Ghadirpour, R.; Costa,
F.; et al. Intramedullary spinal cord tumors: The value of intraoperative neurophysiological monitoring in a series of 57 cases
from two Italian centers. J. Neurosurg. Sci. 2022, 66, 447–455. [CrossRef] [PubMed]

12. Deletis, V.; Sala, F. Intraoperative neurophysiological monitoring of the spinal cord during spinal cord and spine surgery: A
review focus on the corticospinal tracts. Clin. Neurophysiol. 2008, 119, 248–264. [CrossRef] [PubMed]

13. Ghadirpour, R.; Nasi, D.; Iaccarino, C.; Romano, A.; Motti, L.; Sabadini, R.; Valzania, F.; Servadei, F. Intraoperative neurophysio-
logical monitoring for intradural extramedullary spinal tumors: Predictive value and relevance of D-wave amplitude on surgical
outcome during a 10-year experience. J. Neurosurg. Spine 2019, 30, 259–267. [CrossRef] [PubMed]

14. Rijs, K.; Klimek, M.; Boer, M.S.-D.; Biesheuvel, K.; Harhangi, B.S. Intraoperative Neuromonitoring in Patients with Intramedullary
Spinal Cord Tumor: A Systematic Review, Meta-Analysis, and Case Series. World Neurosurg. 2019, 125, 498–510.e2. [CrossRef]

15. Frankel, H.L.; O Hancock, D.; Hyslop, G.; Melzak, J.; Michaelis, L.S.; Ungar, G.H.; Vernon, J.D.S.; Walsh, J.J. The value of postural
reduction in the initial management of closed injuries of the spine with paraplegia and tetraplegia. Spinal Cord 1969, 7, 179–192.
[CrossRef]

16. McCormick, P.C.; Torres, R.; Post, K.D.; Stein, B.M. Intramedullary ependymoma of the spinal cord. J. Neurosurg. 1990, 72, 523–532.
[CrossRef]

17. Harel, R.; Schleifer, D.; Appel, S.; Attia, M.; Cohen, Z.R.; Knoller, N. Spinal intradural extramedullary tumors: The value of
intraoperative neurophysiologic monitoring on surgical outcome. Neurosurg. Rev. 2017, 40, 613–619. [CrossRef]

18. Behmanesh, B.; Gessler, F.; Quick-Weller, J.; Spyrantis, A.; Imöhl, L.; Seifert, V.; Marquardt, G. Regional spinal cord atrophy is
associated with poor outcome after surgery on intramedullary spinal cord ependymoma: A new aspect of delayed neurological
deterio-ration. World Neurosurg. 2017, 100, 250–255. [CrossRef]

19. Skrap, B.; Tramontano, V.; Faccioli, F.; Meglio, M.; Pinna, G.; Sala, F. Surgery for intramedullary spinal cord ependymomas in the
neuromonitoring era: Results from a consecutive series of 100 patients. J. Neurosurg. Spine 2022, 36, 858–868. [CrossRef]

20. Sala, F.; Bricolo, A.; Faccioli, F.; Lanteri, P.; Gerosa, M. Surgery for intramedullary spinal cord tumors: The role of intraoperative
(neurophysiological) monitoring. Eur. Spine J. 2007, 16 (Suppl. S2), S130–S139. [CrossRef]

21. Quiñones-Hinojosa, A.; Lyon, R.; Zada, G.; Lamborn, K.R.; Gupta, N.; Parsa, A.T.; McDermott, M.W.; Weinstein, P.R. Changes in
Transcranial Motor Evoked Potentials during Intramedullary Spinal Cord Tumor Resection Correlate with Postoperative Motor
Function. Neurosurgery 2005, 56, 982–993. [CrossRef] [PubMed]

22. Matsuyama, Y.; Sakai, Y.; Katayama, Y.; Imagama, S.; Ito, Z.; Wakao, N.; Sato, K.; Kamiya, M.; Yukawa, Y.; Kanemura, T.; et al.
Surgical results of intramedullary spinal cord tumor with spinal cord monitoring to guide extent of resection. J. Neurosurgery
Spine 2009, 10, 404–413. [CrossRef] [PubMed]

23. Takami, T.; Naito, K.; Yamagata, T.; Ohata, K. Surgical Management of Spinal Intramedullary Tumors: Radical and Safe Strategy
for Benign Tumors. Neurol. Med. Chir. 2015, 55, 317–327. [CrossRef] [PubMed]

24. Sala, F.; Palandri, G.; Basso, E.; Lanteri, P.; Deletis, V.; Faccioli, F.; Bricolo, A. Motor Evoked Potential Monitoring Improves
Outcome after Surgery for Intramedullary Spinal Cord Tumors: A Historical Control Study. Neurosurgery 2006, 58, 1129–1143.
[CrossRef]

25. Sutter, M.; Eggspuehler, A.; Grob, D.; Jeszenszky, D.; Benini, A.; Porchet, F.; Mueller, A.; Dvorak, J. The validity of multimodal
intraoperative monitoring (MIOM) in surgery of 109 spine and spinal cord tumors. Eur. Spine J. 2007, 16, 197–208. [CrossRef]

26. Lakomkin, N.; Mistry, A.M.; Zuckerman, S.L.; Ladner, T.; Kothari, P.; Lee, N.J.; Stannard, B.; Vasquez, R.A.; Cheng, J.S. Utility of
intraoperative monitoring in the resection of spinal cord tumors: An analysis by tumor location and anatomical region. Spine
2018, 43, 287–294. [CrossRef]

27. Choi, I.; Hyun, S.J.; Kang, J.K.; Rhim, S.C. Combined muscle motor and somatosensory evoked potentials for intramedullary
spinal cord tumour surgery. Yonsei. Med. J. 2014, 55, 1063–1071. [CrossRef]

28. Daniel, J.W.; Botelho, R.V.; Milano, J.B.; Dantas, F.R.; Onishi, F.J.; Neto, E.R.; de Freitas Bertolini, E.; Borgheresi, M.A.D.; Joaquim,
A.F. Intraoperative neurophysiological monitoring in spine surgery: A systematic review and meta-analysis. Spine 2018, 43,
1154–1160. [CrossRef]

https://doi.org/10.1007/s00586-012-2576-5
https://www.ncbi.nlm.nih.gov/pubmed/23161419
https://doi.org/10.1097/BRS.0b013e3181d8338e
https://www.ncbi.nlm.nih.gov/pubmed/20407350
https://doi.org/10.1093/neuros/nyx466
https://doi.org/10.3171/2015.5.FOCUS15161
https://doi.org/10.3171/2013.3.SPINE121063
https://doi.org/10.1016/j.clineuro.2018.02.025
https://doi.org/10.23736/S0390-5616.19.04758-1
https://www.ncbi.nlm.nih.gov/pubmed/31565906
https://doi.org/10.1016/j.clinph.2007.09.135
https://www.ncbi.nlm.nih.gov/pubmed/18053764
https://doi.org/10.3171/2018.7.SPINE18278
https://www.ncbi.nlm.nih.gov/pubmed/30497134
https://doi.org/10.1016/j.wneu.2019.01.007
https://doi.org/10.1038/sc.1969.30
https://doi.org/10.3171/jns.1990.72.4.0523
https://doi.org/10.1007/s10143-017-0815-2
https://doi.org/10.1016/j.wneu.2017.01.026
https://doi.org/10.3171/2021.7.SPINE21148
https://doi.org/10.1007/s00586-007-0423-x
https://doi.org/10.1227/01.neu.0000158203.29369.37
https://www.ncbi.nlm.nih.gov/pubmed/15854246
https://doi.org/10.3171/2009.2.SPINE08698
https://www.ncbi.nlm.nih.gov/pubmed/19442001
https://doi.org/10.2176/nmc.ra.2014-0344
https://www.ncbi.nlm.nih.gov/pubmed/25797779
https://doi.org/10.1227/01.NEU.0000215948.97195.58
https://doi.org/10.1007/s00586-007-0422-y
https://doi.org/10.1097/BRS.0000000000002300
https://doi.org/10.3349/ymj.2014.55.4.1063
https://doi.org/10.1097/BRS.0000000000002575


Cancers 2024, 16, 111 12 of 12

29. Yanni, D.S.; Ulkatan, S.; Deletis, V.; Barrenechea, I.J.; Sen, C.; Perin, N.I. Utility of neurophysiological monitoring using dorsal
column mapping in intramedullary spinal cord surgery. J. Neurosurg. Spine 2010, 12, 623–628. [CrossRef]

30. Calancie, B. Intraoperative Neuromonitoring and Alarm Criteria for Judging MEP Responses to Transcranial Electric Stimulation:
The Threshold-Level Method. J. Clin. Neurophysiol. 2017, 34, 12–21. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3171/2010.1.SPINE09112
https://doi.org/10.1097/WNP.0000000000000339

	Introduction 
	Methods 
	Patient Population 
	Anesthesia 
	Multimodal Intraoperative Neurophysiological Monitoring 
	Data Collection 
	Statistical Analysis 

	Results 
	Surgical Data 
	Monitorability of IONM 
	Intraoperative IONM Changes 
	D-Wave 
	SSEP 
	MEP 

	Sensitivity, Specificity, and ROC Curves 
	Factors-Related IONM Changes 

	Discussion 
	Monitorability, Accuracy, and Clinical Value of IONM 
	Limits of the Study 

	Conclusions 
	References

