Original Article

Ann Rehabil Med 2022;46(6):292-302 a ' m
PISSN: 2234-0645 o eISSN: 2234-0653

https://doi.org/10.5535/arm.22100 Annals of Rehabilitation Medicine

Hemodynamic Consideration in Intraoperative
Neurophysiological Monitoring in
Neuromuscular Scoliosis Surgery

Seok Young Chung, MD', Chae Hwan Lim, MD', Yoon Ghil Park, MD, PhD',
Hak Sun Kim, MD, PhD? Dawoon Kim, MT', Jinyoung Park, MD'

'Department of Rehabilitation Medicine, Gangnam Severance Hospital,
Rehabilitation Institute of Neuromuscular Disease, Yonsei University College of Medicine, Seoul;
*Department of Orthopedic Surgery, Yonsei University College of Medicine, Seoul, Korea

Objective To prove the hypothesis that the parameters of intraoperative neurophysiological monitoring (IONM)
during will be more deteriorated in neuromuscular scoliosis (NMS) than in adolescent idiopathic scoliosis (AIS).
Methods This retrospective study reviewed the data of 69 patients (NMS=32, AIS=37) who underwent scoliosis
surgery under IONM. The amplitude of motor evoked potentials (MEPs), and the amplitude and the latency
of somatosensory evoked potentials (SEPs) were examined. Demographic, preoperative, perioperative and
postoperative data were analyzed to determine whether they affected the IONM parameters for each group.
Results Of the items analyzed, the bleeding amount was the only significant risk factor for SEP latency
deterioration in the NMS group only. The amplitude of SEP and MEP did not correlate with the hemodynamic
parameters. The NMS/AIS ratios of the bleeding-related parameters were higher in the order of bleeding amount/
weight (2.62, p<0.01), bleeding amount/body mass index (2.13, p<0.01), and bleeding amount (1.56, p<0.01). This
study suggests that SEP latency is more vulnerable than SEP or MEP amplitude in ischemic conditions during
scoliosis surgery.

Conclusion In NMS patients, it should be considered that the bleeding amount can have a critical effect on
intraoperative electrophysiological deterioration.
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Effect of Bleeding on Neurophysiological Changes

INTRODUCTION

In patients with scoliosis, surgery is performed to pre-
vent the progression of curvature or deformity-related
complications. Depending on the type of scoliosis, not
only the progression of scoliosis, but also the surgical
profile and the type and severity of postoperative compli-
cations may vary. Unlike idiopathic scoliosis, which ac-
counts for about 85% of the total scoliosis and progresses
slowly, neuromuscular scoliosis (NMS), which is caused
by muscle weakness due to central nervous system dis-
eases such as cerebral palsy, spinal muscular atrophy,
and muscular dystrophy, is characterized by rapid pro-
gression [1]. According to a cohort study, patients with
NMS showed higher complication and mortality rates,
longer length of hospital stay, higher medical costs, and
greater number of procedures than idiopathic scoliosis [2].

The incidence of iatrogenic neural injury during scolio-
sis surgery has been reported to be 1%-1.87%, which is
relatively lower than that in other spinal surgeries [3,4].
However, once spinal cord injury occurs, serious post-
operative neurological complications can follow, such as
paraplegia. Therefore, intraoperative neurophysiological
monitoring (IONM) has been widely used for the purpose
of minimizing the risk of postoperative neurological dete-
rioration in spinal surgery by early detection of the elec-
trophysiological signs of neural insult [5]. Motor evoked
potentials (MEPs) and somatosensory evoked potentials
(SEPs) have been used as the main modalities of IONM
during spinal surgery. IONM has been demonstrated to
reduce the incidence of iatrogenic neural injury during
corrective surgery in patients with scoliosis [6,7]. Most
previous studies on IONM in scoliosis surgery mainly
focused on the reliability of IONM in predicting postop-
erative neurological deterioration [8-10]. Thirumala et al.
[11] reported that the sensitivity and specificity of IONM
for neurological deficit were 82.6% and 94.4%, respective-
ly, in patients with adolescent idiopathic scoliosis (AIS).
Several studies have investigated which IONM modality
can predict postoperative neurological deterioration in
scoliosis better, but the superior parameter remains con-
troversial [6,12,13].

To our knowledge, several studies have demonstrated
the reliability of IONM according to the type of scolio-
sis, but there is little study, which has directly compared
NMS with AIS in terms of intergroup differences in the

factors that affect IONM. Therefore, we conducted this
study under the hypothesis that the IONM parameters
will be deteriorated more in NMS than in AIS during sco-
liosis surgery, and aimed to investigate which factors af-
fect the IONM parameters in each group.

MATERIALS AND METHODS

Study design and subject

This is a retrospective study that reviewed the medical
data of 82 patients who underwent scoliosis correction
surgery under IONM in the department of orthopedics
of a tertiary hospital between May 2015 and October
2019. The exclusion criteria were patients who did not
undergo preoperative and postoperative manual muscle
tests, who had undergone a previous scoliosis surgery
or reoperation, and who could not undergo neurologi-
cal examination 1 month after surgery owing to serious
complications. Finally, 69 patients were included in the
study. This study was approved by the Institutional Re-
view Board (IRB No. 3-2020-0016) of Gangnam Severance
Hospital and conducted in accordance with the Declara-
tion of Helsinki. The IRB of Gangnam Severance Hospital
waived the requirement for informed consent because
this retrospective study complied with the standard prac-
tice and did not expose patient-identifiable information.

IONM protocol

IONM was performed by a technician and an expe-
rienced physiatrist using an IONM device (Cascade;
Cadwell Industries Inc., Kennewick, WA, USA). The oper-
ating room temperature was maintained at 18°C-20°C. In
all the patients, MEPs and SEPs were monitored together.
The maximum amplitude reduction percentage of MEPs
(AMEP, ) and SEPs (ASEP
prolongation percentage of SEPs (ASEP,,) compared with

.mp), and the maximum latency
baseline values were used in analyses.

SEPs were elicited by electrical stimulation of the poste-
rior tibial nerve at the ankle (intensity, 40 mA and dura-
tion, 0.2 ms, with a repetition rate of 5 Hz) and recorded
through a pair of needle electrodes inserted in the scalp
muscle at Cz (right or left tibial nerve) referenced to Fpz
according to the 10-20 international electroencephalog-
raphy (EEG) system. Compared with baseline, a latency
prolongation of >10% or peak-to-peak amplitude reduc-
tion of >50% on any side of any examined nerve was in-
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dicative of a significant change in SEP.

We obtained MEPs by multipulse transcranial electric
stimulations using an electrical stimulator (Cascade).
We recorded transcranial electric MEPs bilaterally from
the tibialis anterior and abductor halluces muscles in
the lower extremities by using a pair of needle electrodes
inserted 3 cm apart in each muscle. The needle elec-
trodes delivered short trains of 6 square-wave stimuli of
0.5 ms duration, with an interstimulus interval of 5 ms.
The needles delivered up to 2 Hz of repetition rate and
were placed at C1 and C2, in accordance with the 10-20
international EEG system. A C1/C2 montage was applied
for right-extremity MEPs, while C2/C1 was used to elicit
left-extremity MEPs. To elicit lower-extremity MEPs,
we used a Cz/Fz montage, which produces less intense
muscle twitching. We gradually escalated the intensity of
the stimulus by 50 mV increments (from 50 mV to a maxi-
mum of 400 mV) until MEP amplitudes were maximized
above a minimum of 10 mV. Compared with the baseline,
are duction of >80% in the MEP amplitude was consid-
ered an alarm criterion.

Anesthesia

Intravenous midazolam (1.0-2.0 mg) was adjusted to
patients as a pre-anesthetic medication. Rocuronium so-
dium was adjusted intravenously for tracheal intubation.
A train-of-four stimulus at the wrist was applied to deter-
mine the level of neuromuscular blockage. Total intra-
venous anesthesia with remifentanil (0.15-2 pg/kg/min)
and propofol (6-8 mg/kg/hr) was continued throughout
the surgical procedure. All patients were maintained
normothermic and normotensive. The body temperature
was continuously monitored by an esophageal thermom-
eter. Forced-air warming was applied from the lower
extremities under surgical drapes and the cotton blanket
which covers the lower extremities.

Review of medical records

The baseline characteristics of the two groups were re-
viewed, including demographic, preoperative, periopera-
tive, and postoperative characteristics. The demographic
patient characteristics included age, sex, diagnosis,
height, weight, and body mass index (BMI).

The preoperative characteristics included preopera-
tive neurological condition and Cobb’s angle. Records of
the neurological examinations performed a day before
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surgery were reviewed. The preoperative motor scores of
the 10 key muscles bilaterally were calculated using the
International Standards for Neurological Classification of
Spinal Cord Injury using the Medical Research Council
(MRC) scale. The MRC scale scores ranged from 0 to 5
for each key muscle. Preoperative sensory function was
checked a day before surgery. The preoperative Cobb’s
angle (Cobb’s,,.) was measured by a physiatrist using a
preoperative, simple, plain image of the whole spine.

The following perioperative characteristics were re-
viewed: fixation level, operation duration, body tem-
perature, bleeding amount, lowest systolic and diastolic
blood pressures (SBP,,;, and DBP,,,), lowest mean arte-
rial blood pressure (MAP,,;,), anesthetic use, muscle re-
laxants, vasopressors, transfusions, and mean values and
ASEP,,,,, and ASEP,,.. The blood
volume loss was estimated by an experienced surgical

significances of AMEP,,,
nurse and an anesthesiologist by calculating the amount
of normal saline used for irrigation, the aspirated fluid
volume, and the size and number of gauzes used for he-
mostasis during surgery.

The postoperative Cobb’s angle (Cobb’s,,) was mea-
sured using a simple plain image taken a few days after
the surgery. The corrected Cobb’s angle (ACobb’s) was
—-Cobb’s,.. The
postoperative neurological function, both sensory and

calculated using the formula: Cobb’s,,,
motor functions, was evaluated 48 hours after surgery.
Postoperative deterioration was assessed by comparing
the preoperative and postoperative neurological func-
tions.

Statistical analyses

The baseline characteristics of the two groups, includ-
ing the demographic, preoperative, perioperative, and
postoperative characteristics, were analyzed using the
Student t-test or chi-square test (Fisher exact test). In ad-
dition, simple regression models were used to analyze
the NMS and AIS groups to confirm the risk factors for
each IONM parameter (AMEP,,,, ASEP,,,,, and ASEP,,)
change among the following independent variables: age,
height, weight, preoperative motor score, ACobb’s angle,
fixation level, operative duration, bleeding amount, SBP,;,,
DBP,,,, and MAP,_, . Moreover, bleeding-related parame-
ters, including bleeding amount, bleeding amount/BMI,
and bleeding amount/weight, were compared between
the two groups using the Student t-test. Using Fisher
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transformation the correlation of IONM and bleeding-
related parameters between the NMS and AIS groups was
analyzed. To determine the correlation between bleeding
amount and blood pressure (BP), Pearson correlation
analyzes were adjusted between the bleeding- and BP-
related parameters of MAP, ., SBP, .., and DBP,, . SPSS
Software version 25 (IBM, Armonk, NY, USA) was used
for the analysis. Two-sided p<0.05 was considered statis-
tically significant.

RESULTS

Baseline characteristics

A total of 69 patients was evaluated in accordance with
the inclusion and exclusion criteria. The NMS group
included 32 patients, and the AIS group included 37 pa-
tients. The baseline characteristics of the patients are
listed in Table 1.

The NMS group included more male patients, whereas
the AIS group included more female patients (p<0.01).
The height, weight, and BMI of the NMS group were all
smaller than those of the AIS group (p<0.01). The pre-
operative characteristics showed that the preoperative
motor score of the NMS group was lower than half of that
of the AIS group (p<0.01), and Cobb’s
NMS group (p<0.01).

Among the variables of the perioperative characteris-

was larger in the

pre

tics, fixation level, operation duration, and bleeding amount
were greater in the NMS group (p<0.01). SBP,, and MAP, .,

Table 1. Baseline characteristics

were lower in the NMS group (p<0.01). There was no
intergroup difference in body temperature (p=0.21). In
the NMS group, both the frequency of vasopressor use
and amount of transfusion were higher during surgery
(p<0.01). Among the IONM parameters, the number of
patients with a significant reduction in AMEP,,,, >80% as
compared with the baseline amplitude was higher in the
NMS group (p=0.04). However, no statistically significant
intergroup differences were found in the deterioration of
SEP,,,, or SEP,,. The mean AMEP,,,,, ASEP,,,, and ASEP,,
values did not show any intergroup differences. The

amp? amp

mean ACobb’s angle showed no intergroup difference. In
both groups, none of the patients showed postoperative
sensory or motor deterioration.

Factors affecting IONM in scoliosis surgery

Simple regression analyses were used to analyze each
risk factor affecting the IONM parameters (AMEP,,,,,
ASEP,,,,, and ASEP,,) in the NMS and AIS groups (Table
2). No significant risk factors of AMEP,  and ASEP
were identified. Bleeding amount (p<0.01) was analyzed

amp amp

as a significant risk factor of ASEP,,, in NMS group, but
the other variables did not significantly contribute to the
ASEP,, in either the NMS or AIS group.

Bleeding amount and IONM parameters

As listed in Table 1, the bleeding amount showed sig-
nificant differences between the NMS and AIS groups.
As significant differences in preoperative body weight

Characteristic Sub-category NMS (n=32) AIS (n=37) p-value
Demographic  Age (yr) 15.3 (10-22) 15.5(9-23) 0.78
Sex <0.01*
Male 25 (78.1) 5(13.5)
Female 7(21.9) 32(86.5)
Diagnosis
Adolescent idiopathic scoliosis - 37(100)
Muscular dystrophy® 19 (59.4) -
Spinal muscular atrophy 4(12.5) -
Others” 9(28.1) -
Height (cm) 148.8 (118.0-172.0) 160.4 (124.0-188.4) <0.01*
Weight (kg) 38.8 (18.0-80.8) 53.8 (24.5-122.8) <0.01*
BMI (kg/m?) 17.4(9.2-31.7) 20.6 (15.3-34.6) <0.01*
Preoperative Preoperative motor score 23.8+13.6 50.0+0.0 <0.01*
Cobb’s,,, (°) 64.7+16.6 50.1%7.0 <0.01*
WWW.e-arm.org 295
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Table 1. Contined

Characteristic Sub-category NMS (n=32) AIS (n=37) p-value
Perioperative Fixation level 15.7£1.2 11.7+£2.4 <0.01*%
Operation duration (hr) 8.0%1.9 6.8+1.6 <0.01*
Body temperature (°C) 36.0+0.5 36.2+0.3 0.21
Hemodynamics
Bleeding amount (L) 2.59+1.58 1.67+0.88 <0.01*
SBP,,, (mmHg) 76.6+8.4 82.445.6 <0.01%
DBP,,, (mmHg) 39.2+4.8 41.144.7 0.11
MAP,,,, (mmHg) 51.7+5.3 54.8+4.3 <0.01*
Use of anesthetics 0.53
Remifentanil+propofol 10 (31.3) 9 (24.3)
Remifentanil+propofol+midazolam 22 (68.7) 28 (75.7)
Use of muscle relaxant for intubation
Rocuronium bromide (mg) 55.5+15.2 54.1+12.7 0.68
Use of vasopressor 21 (65.6) 11 (29.7) <0.01*
Transfusion (L) 1.56+1.23 0.76+0.56 <0.01*
IONM parameters
AMEP,,,, >80% reduction 12 (37.5) 6(16.2) 0.04*
ASEP,,,, >50% reduction 3(9.4) 5(13.5) 1.00
ASEP,,, >10% prolongation 0(0) 0(0) 1.00
AMEP,,, 21.5+£53.7 12.5+32.8 0.42
ASEPamp 35.9+18.2 35.0+17.8 0.82
ASEP,, 5.3+7.5 3.242.5 0.11
Postoperative ACobb’s (°) 39.0+17.0 39.846.5 0.82
Postoperative sensory deterioration 0(0) 0(0) 1.00
Postoperative motor deterioration 0(0) 0(0) 1.00

Values are presented as mean (range) or number (%) or meantstandard deviation.

AIS, adolescent idiopathic scoliosis; BMI, body mass index; Cobb’s,,., preoperative Cobb’s angle; DBP,,;,, minimum
diastolic blood pressure; MAP,;,, minimum mean arterial pressure; NMS, neuromuscular scoliosis; SBP,;,, minimum
systolic blood pressure; ACobb’s, corrected Cobb’s angle via scoliosis surgery; AMEP,,,, maximum amplitude decre-
ment percentage of motor evoked potentials compared with baseline values; ASEP,,,,, maximum amplitude decre-
ment percentage of somatosensory evoked potentials compared with baseline values; ASEP,,, maximum latency pro-
longation percentage of somatosensory evoked potentials compared with baseline values.

“Duchenne muscular dystrophy (n=12), progressive muscular dystrophy (n=5), myotonic muscular dystrophy (n=1),
and limb girdle muscular dystrophy (n=1).

®’Cerebral palsy (n=3), neurofibromatosis (n=3), Dandy-Walker syndrome (n=1), Prader-Willi syndrome (n=1), and
cardiofaciocutaneous syndrome (n=1).

*p<0.05.

and BMI were found between the two groups, “bleed-
ing amount/BMI” and “bleeding amount/weight” were
used to correct the bleeding amount for body weight
or BMI (Table 3). The NMS/AIS ratios of the bleeding-
related parameters were as follows, with statistically sig-
nificant intergroup differences: bleeding amount (1.56,
p<0.01), bleeding amount/BMI (2.13, p<0.01), and bleed-
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ing amount/weight (2.62, p<0.01). When the bleeding
amount was corrected by BMI or body weight, the differ-
ence in bleeding amount ratio between the two groups
was found to be greater.

We confirmed through correlation analyses whether
a significant correlation existed between the IONM and
bleeding-related parameters, and the differences be-
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Table 2. Regression analysis for IONM parameters in neuromuscular and idiopathic scoliosis surgery

AMEP,,,, ASEP,,,, ASEP,,,

NMS AIS NMS AIS NMS AIS
Age 0.86 0.49 0.80 0.28 0.50 0.35
Height 0.87 0.96 0.14 0.67 0.23 0.86
Weight 0.46 0.96 0.75 0.59 0.20 0.26
Preoperative motor score 0.77 0.22 0.44 0.12 0.28 0.25
Cobb’s,,, 0.61 0.43 1.00 0.95 0.82 0.39
Fixation level 0.91 0.26 0.38 0.97 0.70 0.17
Operation duration 0.73 0.16 0.58 0.28 0.11 0.27
Bleeding amount 1.00 0.28 0.33 0.18 <0.01*% 0.41
SBP,.., 0.12 0.69 0.52 0.11 0.86 0.47
DBP, ;. 0.28 0.28 0.10 0.60 0.20 0.62
MAP 0.44 0.26 0.73 0.20 0.32 0.23

min

IONM, intraoperative neurophysiological monitoring; AMEP,,,,, maximum amplitude decrement percentage of mo-
tor evoked potentials compared with baseline values; ASEP,,,,, maximum amplitude decrement percentage of so-
matosensory evoked potentials compared with baseline values; ASEP,,, maximum latency prolongation percentage
of somatosensory evoked potentials compared with baseline values; NMS, neuromuscular scoliosis; AIS, adolescent
idiopathic scoliosis; Cobb’s,, preoperative Cobb’s angle; SBP,,;,, minimum systolic blood pressure; DBP,,;,, minimum
diastolic blood pressure; MAP, ;,, minimum mean arterial blood pressure.

*p<0.05.

Table 3. Bleeding amount in scoliosis surgery

p-value

Variable NMS AIS . . Ratio of NMS/AIS
(intergroup difference)
Bleeding amount (L) 2.59+1.58 1.67+0.88 <0.01* 1.56
Bleeding amount/BMI (L-m*/kg) 0.17+0.14 0.08+0.04 <0.01* 2.13
Bleeding amount/weight (L/kg) 0.08+0.07 0.03+0.02 <0.01* 2.62

Values are presented as mean#tstandard deviation.

NMS, neuromuscular scoliosis; AIS, adolescent idiopathic scoliosis; BMI, body mass index.

*p<0.05.

tween the two groups were confirmed through Fisher
transformation (Table 4). In the NMS group, positive
correlations were found between ASEP,, and all the
bleeding-related parameters as follows: bleeding amount
(r=0.72, p<0.01), bleeding amount/BMI (r=0.62, p<0.01),
and bleeding amount/weight (r=0.62, p<0.01), where
AMEP,,, and ASEP,,,, did not show any correlation with
any of the three bleeding-related parameters. In the AIS
group, no correlation was revealed between the IONM
and bleeding-related parameters.

Correlation between bleeding amount and BP
All three bleeding-related parameters significantly
correlated with MAP, ., SBP,., and DBP_, in the NMS

group, where they did not correlate with MAP, ., SBP,.,
and DBP,, in the AIS group (Table 5).

DISCUSSION

The bleeding amount was a significant contributing
factor to SEP latency prolongation in NMS as shown in
Tables 2 and 4. After excessive bleeding, ischemic con-
dition may result from hypotension or hypoxia. To our
knowledge, no previous studies have examined the direct
relationship between bleeding amount and IONM pa-
rameters in scoliosis surgery. However, previous studies
confirmed that decreased blood flow, BP reduction, and
following hypoxic conditions contributed to the deterio-
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Table 4. Significant correlations of IONM parameters and bleeding amount parameters
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0.05 0.87 0.48 0.08 0.55 -0.04 0.89 0.38 0.62 <0.01* 0.04 0.93 <0.01*

0.91

-0.01

Bleeding

amount/

weight (L/kg)
NMS, neuromuscular scoliosis; AIS, adolescent idiopathic scoliosis; BMI, body mass index; AMEP,,,, maximum amplitude decrement percentage of

motor evoked potentials compared with baseline values; ASEP,,,,, maximum amplitude decrement of somatosensory evoked potentials compared with

baseline values; ASEP,,, maximum latency delay of somatosensory evoked potential compared with baseline values.

*p<0.05.

ration of SEP amplitude and latency [14,15]. In a post-
traumatic animal model, Fehlings et al. [16] reported that
both MEPs and SEPs were significantly related to post-
traumatic blood flow, which contributes to the severity of
spinal cord injury. Banoub et al. [17] showed that when
MAP decreased more than a certain value, the SEP am-
plitude decreased without a change in latency. According
to McPherson et al. [18], severe hypoxia led to decreased
SEP amplitude and increased SEP latency in canis experi-
ment.

Before the demonstration of the effect of ischemic
condition on the SEPs along with the posterior column,
ischemia had already been revealed to prolong the la-
tency and reduce the amplitude of the peripheral nerves
in conduction study [19]. Temporal dispersion was re-
ported to follow after the anoxia in peripheral nerves,
and with the previous evidence that the reduction in a
single-fiber spike amplitude does not exceed 16%, the
major cause of the amplitude reduction in peripheral
nerves is explained by temporal dispersion [19-21]. As
SEPs are used to evaluate the electrophysiological state
along the extension of the peripheral sensory nerve to
the central nervous system, the decreased amplitude due
to bleeding-related ischemic condition would also result
from temporal dispersion, not from conduction block.
Especially, in cases where the spinal cord is not directly
exposed as in scoliosis surgery, the damage of the spinal
cord within the spinal canal is suspected by mechanical
correction of the curvature rather than direct iatrogenic
injury.

Clinicians have no choice but to question in what order
the electrophysiologic parameters deteriorate when the
ischemic state of the patient prolongs during surgery,
and related animal experiments have been conducted.
Reuter et al. [22] reported that SEP disappeared ahead of
the loss of MEP waveform as hypoxia continued in a canis
model. Lesnick et al. [23] reported that as global ischemia
worsens, latency prolongation precedes the amplitude
reduction of SEPs in a felis model. In turn, in scoliosis
surgery, the mechanism of the deterioration of the IONM
parameters in ischemic conditions is not conduction
block, which can result from direct neural injury, but
temporal dispersion from the gradual slowing of conduc-
tion velocity. This means that for the SEP amplitude to
decrease to a certain level, latency must also be delayed
to a certain level. From a preventive medicine point of
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Table 5. Correlation between bleeding amount and blood pressure in NMS and AIS

MAP,, SBP,,,, DBP,,,,
Variable NMS AIS NMS AIS NMS AIS
r p-value r p-value r p-value r p-value r p-value r p-value
Bleeding amount (L) -0.48 0.01* -0.17 0.32 -0.45 0.01* -0.11 0.53 -0.39 0.03* -0.17 0.32
Bleeding amount/BMI -0.64 <0.01* -0.20 0.24 -0.59 <0.01* -0.17 0.33 -0.53 <0.01* -0.17 0.30
(L-m2/kg)
Bleeding amount/weight -0.69 <0.01* -0.24 0.15 -0.64 <0.01* -0.21 0.22 -0.56 <0.01* -0.21 0.22

(L/kg)

NMS, neuromuscular scoliosis; AIS, adolescent idiopathic scoliosis; BMI, body mass index; MAP, ;,, minimum mean
arterial blood pressure; SBP,;,, minimum systolic blood pressure; DBP,,,, minimum diastolic blood pressure.

*p<0.05.

view, even with a neurophysiological state of confirmed
prolonged SEP latencies, if hemodynamic conditions are
stably maintained by transfusion, fluid supplementation,
or use of vasopressors, it may not lead to a significant re-
duction in SEP amplitude. There is a previous experiment
that the electrophysiologically compromised condition of
spinal cord can be restored by reperfusion. According to
a rabbit experimental study by Ji et al. [24], when reperfu-
sion was performed in the spinal cord for >20 minutes in
ischemic injury models, the latency gradually returned
to normal levels, while the amplitude could not recover,
which means that axonal degeneration has occurred
while myelin is preserved. Thus, when IONM profes-
sionals face SEP latency prolongation without amplitude
decline, they have to pay attention more to the bleeding
amount and the following BP and maintain close com-
munication with the anesthesiologist and the surgeons to
stabilize hemodynamic conditions. A significant decrease
in SEP amplitude after an excessive bleeding event would
be of course more urgent situation that can lead to post-
operative neurological deterioration. Schwartz et al. [25]
reported that in three patients with weakness after scolio-
sis surgery due to hypotension, SEP amplitude reduction
was lagged by 5 minutes from MEP amplitude reduction.
However, they did not count SEP latency, and there is no
description of the relationship of hemodynamic changes
with SEPs or MEPs in patients without postoperative
neurological deterioration. From this point of view, our
study has strength in that it provides information on sub-
tle early changes in the parameters before postoperative
neurological deterioration occurs rather than discussing
about the neurophysiological relationship after the event
occurs.

As the anesthesiologist and the surgical nurses con-
tinuously check the suctioned fluid and calculate the
estimated blood loss, a precise modulation of the vital
signs is continued through the whole surgical procedure.
However, in this study only the NMS group showed sig-
nificant correlation of the bleeding amount to the pa-
rameters of blood pressure: MAP, ., SBP, .., and DBP .
(Table 5). This implies that the rate of supplementation
for blood loss may not catch up with the rate of BP reduc-
tion in the NMS group, where the supplements for blood
loss in the AIS group were sufficient to maintain the BP.
In addition, the NMS/AIS ratios of the bleeding-related
parameters were higher in the order of bleeding amount/
weight, bleeding amount/BMI, and bleeding amount
(Table 3). We can infer that bleeding-induced hypovo-
lemia compared with body weight is a more important
factor of the BP decrement in the NMS group. The bleed-
ing amount has been reported to be greater in scoliosis
surgery for NMS than in that for AIS [26,27]. In addition,
as seen in Table 1, the bleeding amount was greater in
NMS than in AIS. This may be due to the different hemo-
dynamic physiology between the two groups. Previously,
hemodynamic instability in neuromuscular diseases was
observed. BP was lower in patients with Duchenne mus-
cular dystrophy (DMD), a representative neuromuscular
disease, than in healthy patients, and this was thought to
be due to decreased cardiac function [28,29]. In addition,
it is reported that an increase in prothrombin time and
depletion of factor VII is more common in NMS than AIS,
which can lead to an increase in the bleeding amount
[30].

In our study, although the bleeding amount was greater
in the NMS group, none of the patients showed postop-
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erative neurological deterioration after surgery in both
the NMS and AIS groups, so that it was difficult to con-
firm the relationship between blood loss and postopera-
tive neurological prognosis. However, some studies have
demonstrated that the bleeding amount during scoliosis
surgery is closely related to postoperative prognosis.
Carreon et al. [31] showed that the greater the bleeding
amount, the higher the frequency of complications after
AIS surgery. Jia et al. [32] reported that NMS patients re-
ceive more transfusions due to intraoperative excessive
bleeding, increasing their risk of exposure to transfusion
side effects. Therefore, excessive bleeding during scolio-
sis surgery should be prevented, and blood loss should
be compensated quickly and properly. Through proper
transfusion or vasopressor use, postoperative neurologi-
cal deterioration due to hypotension or hypoxia could be
prevented. In this course, the SEP may provide early clues
of the ischemia-related neurophysiological deterioration,
enabling rapid response to hemodynamic instability.
This study has several advantages. First, it may provide
evidence of the relationship between bleeding amount
and electroneurophysiological changes in scoliosis sur-
gery. Second, it was suggested that hemodynamic and
electrophysiological changes to bleeding appear differ-
ently according to pathological characteristics in NMS
and AIS. As real-time monitoring of electrophysiological
status, rather than the bleeding amount itself has a more
direct correlation with prognosis, it is suggested that the
hemodynamic supplementation should be prompted af-
ter massive bleeding while confirming the IONM param-
eter is restored [33]. Especially, SEP latency is suggested
as an important indicator which reflect the ischemic
condition without direct axonal damage. This study has
a limitation in that there was no case of postoperative
neurological deterioration, so it might be not possible to
review cases with severe hemodynamic instability. On
the other hand, however, it may be a study that provides
evidence that the parameters of SEP respond to hemody-
namic changes ahead of changes in MEP occurs. Previ-
ous studies have been emphasized that it is important to
monitor the SEPs together with the MEPs, even in studies
analyzing the reliability of IONM. Nevertheless, on the
basis that SEP does not anatomically reflect the physiolo-
gy of the motor tract, the monitoring of SEP is still under-
estimated by some surgeons and examiners. This study
will be useful in convincing those who merely rely on
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MEPs that it is much better to monitor SEPs in conjunc-
tion with MEPs. If a large sample study, including cases
with more diverse neurological prognosis under IONM
could be performed, it would be helpful to understand
the correlation between hemodynamics and electroneu-
rophysiology in scoliosis surgery in more detail.

Bleeding amount is an important factor in prolonging
SEP latency during NMS surgery. The effect of bleeding
on neurophysiological changes is stronger in NMS than
in AIS. Based on the result that the SEP latency is more
vulnerable than SEP or MEP amplitude in ischemic con-
ditions, it is suggested that SEP latency could be an early
index for the ischemic injury occurs without direct axonal
injury during scoliosis surgery. Therefore, when SEP de-
terioration occurs with massive bleeding, it is important
for IONM specialists, surgeons, and anesthesiologists to
communicate intensively to stabilize the hemodynamic
state until SEP latency is restored.
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