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Abstract

Transcranial electric motor evoked potentials (TCeMEPs) play an important role in reducing the risk of iatrogenic paraple-
gia. TCeMEPs could be obviously suppressed by neuromuscular blockade (NMB). The aims of this study were to examine
the effects of NMB on TCeMEPs and to determine an appropriate level of partial neuromuscular blockade (pNMB) for
TCeMEPs during surgical correction of idiopathic scoliosis under total intravenous anesthesia (TIVA). All patients were
maintained with TIVA. The pNMB levels were classified into five phases: one or two train-of-four (TOF) counts (TOF,);
three TOF counts, or T,/T; (TOFR, T 4, first or four twitch height of TOF) <15% (TOF,); TOFR at 16-25% (TOF;); TOFR
at 26-50% (TOF,); and TOFR at 51-75% (TOFs). No neuromuscular blockade (nNMB) was achieved when TOFR was
more than 75%. The absolute and relative latency, amplitude and area under curve (AUC), efficacy of TCeMEPs and rate of
unexpected movement were compared among these phases. Neither the amplitude and AUC nor the efficacy of TCeMEPs
were affected at TOF,_s of abductor halluces muscles TCeMEPs (AH-TCeMEPs) or at TOF;_; of tibialis anterior muscles
TCeMEPs (TA-TCeMEPs) compared with nNMB. However, the rate of unexpected movement was increased significantly at
TOF; and nNMB compared with TOF, and TOF,. The application of pPNMB with TOFR aimed at 26-50% for AH-TCeMEPs
or 16-50% for TA-TCeMEPs seems to be an appropriate regimen for TCeMEPs during surgical correction for idiopathic
scoliosis under TIVA.

Keywords Transcranial electric motor evoked potentials - Partial neuromuscular blockade - Idiopathic scoliosis - Total
intravenous anesthesia

1 Introduction monitoring of transcranial electric motor evoked potentials
(TCeMEPs), which reflect real-time neural transmission
through the entire motor pathway, including corticospi-
nal motor tracts [2—4], has recently emerged as an effec-

tive way to reduce the risk of iatrogenic paraplegia in most

Patients undergoing surgical correction for idiopathic scolio-
sis are at high risk of neural complications associated with
spinal cord injury [1]. Intraoperative neurophysiological
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leading spine centers. It has been reported that TCeMEPs are
affected by multiple factors, such as body temperature, blood
pressure, depth of anesthesia and neuromuscular blockade
(NMB) [5-8]. Despite many efforts in both anesthetics
and neurophysiological monitoring techniques that have
improved the stability of TCeMEPs, the depressant effects
of NMB on TCeMEPs can barely be avoided due to interfer-
ence with the neuromuscular junction [9—11].

Opponents of anesthesia without NMB insist that com-
plete omission of NMB could increase the difficulty of the
surgical procedure as well as the complexity of anesthetic
management [12, 13]. Partial neuromuscular blockade
(pPNMB) seems to be more preferable to surgeons, neuro-
physiologists, and anesthesiologists during surgical cor-
rection for idiopathic scoliosis. However, the appropriate
level of pNMB for TCeMEPs during surgery for idiopathic
scoliosis remains controversial. The controversy may be
largely attributable to confounding factors, such as the type
of surgery or the choice of anesthetics [14, 15]. Therefore,
this study was conducted to examine the effects of NMB on
TCeMEPs and to determine an appropriate level of pNMB
for TCeMEPs during surgical correction of idiopathic sco-
liosis under total intravenous anesthesia (TIVA).

2 Materials and methods
2.1 Patients

After Institutional Review Board approval, the research team
reviewed the TCeMEPs and anesthesia records of patients
with idiopathic scoliosis who presented for posterior spinal
fusion surgery from January 1, 2016 to October 30, 2016.
The inclusion criteria were as follows: (1) age 10-30 years,
(2) diagnosis of idiopathic scoliosis and (3) American Soci-
ety of Anesthesiologists (ASA) physical status was between
I and II. The exclusion criteria were as follows: (1) any cases
with other types of scoliosis, such as neuromuscular scolio-
sis; (2) any cases associated with existing sensory or motor
neurologic deficits; (3) morbid obesity (BMI> 40 kg m~2);
(4) history of previous surgical treatment for scoliosis; and
(5) history of severe cardiopulmonary disease, such as pul-
monary hypertension.

2.2 Anesthesia regimen

All patients were maintained with TIVA. No premedi-
cation was administered. After establishing intrave-
nous access, general anesthesia was induced with mida-
zolam (2 mg) and propofol (1-3 mg kg~!). Cisatracurium
(0.2 mg kg™!) and fentanyl (2-4 ug kg~') were used
to facilitate tracheal intubation. After tracheal intu-
bation, anesthesia was maintained with intravenous
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infusions of propofol at 80-120 ug~' kg™! min™!

, remifen-
tanil at 0.2-1 pg™' kg=! min~!, dexmedetomi-
dine at 0.2 pg~! kg=! h™' and cisatracurium at
2.0-4.0 ug~' kg™! min~!. A continuous infusion of cisatra-
curium was started at an initial rate of 4.0 ug~! kg™! min~!
and titrated to maintain intraoperative pNMB. The mean
arterial pressure (MAP) was maintained within +20% of the
basal MAP of each patient. The Bispectral Index (BIS) was
kept in the 40—60 range. Rectal temperature was controlled
within 35.5-37 °C, and end-tidal carbon dioxide was main-

tained within 35-45 mmHg.

2.3 Monitoring the intraoperative neuromuscular
blockade

Neuromuscular function was evaluated by acceleromyo-
graphy utilizing the commercially available device TOF-
Watch (Organon Corporation, Oss, KN). Two electrodes
from the device were placed over the ulnar nerve, and the
response to nerve stimulation was measured using a small
piezo electrode acceleration transducer placed distally on
the volar side of the thumb. The theory behind accelero-
myography was based on Newton’s second law of motion:
force = mass X acceleration. When mass is constant, accel-
eration is directly proportional to force [16]. The degree of
NMB was typically quantified by train-of-four (TOF) electri-
cal stimulation, which was monitoring of four supramaxi-
mal stimuli (2 Hz) given every 0.5 s. As muscle relaxation
increased, the forth response (T,) was lost, then the third
(T3), the second (T,) and, finally, the first twitch (T,). Thus,
the number of twitches (zero, one, two or three) was used
to estimate NMB. The ratio of T,/T,; (TOFR) was displayed
to evaluate NMB when four responses were present. The
intraoperative pNMB levels were classified into 5 phases:
one or two TOF counts (TOF,); three TOF counts, or
TOFR <15% (TOF,); TOFR at 16-25% (TOF;); TOFR at
26-50% (TOF,); or TOFR at 51-75% (TOFs). No neuro-
muscular blockade (nNMB) was achieved when TOFR was
more than 75%.

2.4 Monitoring the transcranial electric motor
evoked potentials

TCeMEPs were triggered using a Xltek Protektor IOM
(XLTEK Corporation, Oakville, CA). The stimulating
electrodes of TCeMEPs were inserted subcutaneously
over the motor cortex regions of C3 and C4 (International
10-20 system), where the compound muscle action poten-
tial (CMAP) was recorded from abductor halluces muscles
(AH-TCeMEPs) and from tibialis anterior muscles (TA-
TCeMEPs) bilaterally in the lower extremities. Transcra-
nial stimulation consisted of a train of nine electrical pulses
with pulse duration of 0.2-0.5 ms and stimulus intensity of
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400 V. The recording parameters were: sweep = 150 ms, sen-
sitivity = 100 uV/division, and bandpass =30-1000 Hz. The
absolute amplitude of TCeMEPs was evaluated by measur-
ing the voltage from the lowest trough to the highest peak,
while the absolute latency was defined as the span between
the onset of the stimulation in a given sequence and the
first assessable amplitude. Additionally, the absolute AUC
of TCeMEPs, which was defined as a function of the total
motor neuron activity over a particular temporal domain,
was calculated [17]. Relative parameter of TCeMEPs on
each pNMB phase was determined by comparing the abso-
lute latency, amplitude and AUC to the nNMB baseline
(which was preset at a value of 1). TCeMEPs were con-
sidered to be feasible if amplitude was above 50 mV [18].
TCeMEPs responses were considered false-positive if the
amplitude of one or more of the muscle responses declined
by >80% compared with the baseline that was independent
of perioperative neurological deficits [19].

2.5 Statistical analysis

All statistical analyses were performed using SPSS 21.0 soft-
ware (IBM Corporation., Armonk, NY). Measured continu-
ous variables are summarized as the mean (SD) or median
(IQR). ANOVA was performed to compare the anesthetic
parameters among the six phases. Differences in absolute
TCeMEP latency between the left and right side were identi-
fied using paired ¢ test, while differences in absolute ampli-
tude and AUC were determined by Wilcoxon signed rank
test. The relative TCeMEP parameters of multiple pNMB
were compared with the nNMB baseline using Wilcoxon
signed rank test. Incidence data was compared using the Xz
test or Fisher’s exact test according to the expected counts.
In all cases, a p-value of <(0.05 was considered significant.

3 Results

A total of 62 patients who underwent surgery for idiopathic
scoliosis were included in the study. There was no new
onset of postoperative neurological dysfunction. Reliable
TCeMEP baselines were obtained in all patients, including
seven patients for solo AH-TCeMEPs modality, 4 patients
for solo TA-TCeMEPs modality and 51 patients for both
modalities. The baseline characteristics for the total study
population were outlined in Table 1. The comparison of
anesthetic parameters among pNMB phases and nNMB
phase was shown in Fig. 1. There was no significant dif-
ference among six phases during intraoperative TCeMEPs
monitoring regarding the measured temperature, BIS and
mean arterial pressure.

No significant differences were observed between the
left side and right side in terms of the absolute latency,

Table 1 Characteristics of patients with idiopathic scoliosis undergo-
ing posterior spinal fusion surgery (n=62)

Demographics Mean+SD Range
Age (year) 15.8+3.3 11-26
Gender

Male/female 11/51
Weight (kg) 47.8+6.3 31-62
Height (cm) 161.7+7.8 145-182
BMI (kg m™?) 18.3+2.3 14.2-25.9
Number of levels fused 9.6+2.7 5-13
Preoperative cobb angle (°) 51.3+10.3 40-82
Surgery time (min) 205.9+47.2 130-325
Estimated blood loss (mL) 843.5+415.3 200-1700
Autologous blood transfused (mL)  317.0+192.1 0-750
Urine output (mL) 912.9+320.1 200-1800
Fluid infusion volume (mL) 2541.1+£556.7  1500-3600

Values are mean (SD)

amplitude and AUC for both AH-TCeMEPs and TA-
TCeMEPs modalities, respectively (Tables 2, 3). The
latency of AH-TCeMEPs and TA-TCeMEPs were sig-
nificantly extended at TOF, compared with nNMB, while
no dramatic changes were observed at TOF,_s (Fig. 2a,
d). The amplitude and AUC of AH-TCeMEPs showed a
significant decrease at TOF,_; compared with nNMB.
However, the parameters were not significantly changed
at TOF,_s (Fig. 2b, c). Statistically significant reductions
were achieved at TOF,_, with regard to the amplitude and
AUC of TA-TCeMEPs compared with nNMB. However,
the amplitude and AUC of TA-TCeMEPs did not differ
between TOF;_s5 and nNMB (Fig. 2e, f).

Efficacy of TCeMEPs involves feasibility and false-pos-
itive rate. The changes of feasibility and false-positive rate
were in accordance with that of amplitude and AUC (Fig. 3).
The feasibility of AH-TCeMEPs exhibited a sharp decrease
at TOF,_; compared with nNMB, and the false-positive
rate was higher. No significant differences were observed
between TOF,_5; and nNMB with regard to the feasibil-
ity and false-positive rate of AH-TCeMEPs. However, the
feasibility rate of TA-TCeMEPs was significantly lower at
TOF,_, compared with nNMB, while the false-positive rate
was higher. The feasibility and false-positive rate of TA-
TCeMEPs did not differ between TOF;_s and nNMB.

Throughout the study, unexpected movement was
observed in 1 patient (1.6%) at TOF;, 2 patients (3.2%) at
TOF,, 33 patients (53.2%) at TOF; and 54 patients (87.1%)
at nNMB. The incidence of unexpected movement showed
a significant increase at TOF5; and nNMB compared with
TOF, and TOF,. No statistical changes were observed
among TOF, to TOF, with regard to the rate of unexpected
movement (Fig. 4).
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Fig. 1 Comparison of anesthetic parameters (a temperature, b MAP,
¢ BIS) among pNMB phases and nNMB phase during TCeMEPs
monitoring. pNMB partial neuromuscular blockade, TOF, one or two
TOF counts, TOF, three TOF counts or TOFR <15%, TOF; TOFR

4 Discussion

In this study, the research team investigated the effective-
ness of varying levels of NMB with focus on the parame-
ters and efficacy of TCeMEPs monitoring. Concomitantly,
exploration of its effects on the unexpected movement dur-
ing surgical correction of idiopathic scoliosis under total
intravenous anesthesia was also conducted. The results
of this retrospective study demonstrated that in patients
with idiopathic scoliosis, the parameters of AH-TCeMEPs
could be recorded at TOFR of 26-50% and those of TA-
TCeMEPs could be recorded at TOFR of 16-50% (much
like nNMB) without interfering with the efficacy of TCe-
MEPs monitoring or increasing the risk of unexpected
movement.

The first clinical application of pNMB in TCeMEPs
monitoring was reported in patients undergoing lumbar
laminectomy/discectomy or lumbar spinal fusion, which
demonstrated that TCeMEPs could be recorded at pNMB
with T twitch height of 5-15% [13]. Another clinical study
reported that a stable pNMB phase aimed at T twitch height
of 45-55%, rather than 5-15%, of baseline provided reli-
able and recordable muscle responses sufficiently robust for
TCeMEPs monitoring in aortic surgery [14]. In addition,
the application of a stable level of pNMB with TOFR aimed
at 50-75% was proven to be beneficial for intraoperative
facial nerve monitoring [15]. The most plausible explana-
tion for the controversial results was an overly simplistic
classification of partial neuromuscular blockade, which did
not account for the varying effects of pPNMB on TCeMEPs
monitoring. Indeed, Kalkman [13] only maintained pNMB
aimed at T twitch height of 5-15%, whereas additional clas-
sification of pNMB aimed at T, twitch height of 45-55% by
van Dongen [14] led to contrasting results. Cengiz [15] drew
another different conclusion when obtaining pNMB aimed at
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Neuromuscular blockade phase

at 16-25%, TOF, TOFR at 26-50%, TOF5 TOFR at 51-75%, nNMB
TOFR >75%, MAP mean arterial pressure, BIS bispectral index. No
significant difference among groups

TOFR of 50 or 75%. In the current study, the neuromuscular
blockade was classified into six phases exactly, through the
reversal of the neuromuscular relaxation. The results showed
that the application of a stable level of pNMB with TOFR
aimed at 26-50% for AH-TCeMEPs or 16-50% for TA-TCe-
MEPs seems to be an appropriate regimen for TCeMEPs
monitoring during surgical correction for scoliosis.

The reductions in amplitude and AUC probably rep-
resent reductions in number and timing of excited motor
units responding to transcranial electric stimulation [14,
20]. Previously, Sloan [20] reported that the amplitude of
TCeMEPs was not reduced to the same extent as was the
NMB increase. Similarly, statistically significant reduc-
tions in AH-TCeMEPs were not achieved until TOFR was
less than 26%, while reductions in TA-TCeMEPs were not
achieved until TOFR was less than 16% in the current
study. Additionally, the decreased amplitude of TCeMEPs
may contribute to potential pitfalls in monitoring failure
rate and false-positive results, which negatively affect the
efficacy of TCeMEPs monitoring. The effects of pNMB
on the false-positive results of TCeMEPs monitoring were
evaluated by Kim [21], who concluded that there was no
significant difference between pNMB aimed at T, twitch
height of 50% and nNMB. By comparison, in the current
study, the incidence of monitoring failure and false-pos-
itive results were not increased significantly until TOFR
was less than 26% for the AH-TCeMEPs modality and
TOFR was less than 16% for the TA-TCeMEPs modality.

However, low doses or avoidance of NMB may not be
conducive to smooth surgical procedures when consider-
ing the increased risk of unexpected movement [13, 15].
Indeed, the influence of nNMB on TCeMEPs monitoring
has been evaluated by Cengiz [15], who demonstrated that
there were more slight movements or coughs with addi-
tional treatment of isoflurane under nNMB compared with
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Fig.2 Comparison of relative TCeMEPs parameters (left side: filled
circle, right side: filled square) of multiple pNMB with nNMB base-
line during TCeMEPs monitoring. Relative parameter of TCeMEPs
on each pNMB phase was determined by referring the absolute
latency, amplitude and AUC to the nNMB baseline (which was pre-
set a value of 1). *P indicates statistically significant different from
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Fig. 3 Efficacy (feasibility rate: filled circle, false-positive rate: filled
square) of TCeMEPs among pNMB phases and nNMB phase dur-
ing TCeMEPs monitoring. *P indicates significantly different from
that of nNMB. AH-TCeMEPs abductor halluces muscles TCeMEPs,
TA-TCeMEP:s tibialis anterior muscles TCeMEPs, AUC area under

Neuromuscular blockade phase

Neuromuscular blockade phase

that of nNMB. AH-TCeMEPs abductor halluces muscles TCeMEPs,
TA-TCeMEP:s tibialis anterior muscles TCeMEPs, AUC area under
curve, pNMB partial neuromuscular blockade, TOF, one or two TOF
counts, TOF, three TOF counts or TOFR <15%; TOF; TOFR at
16-25%, TOF, TOFR at 26-50%, TOFs TOFR at 51-75%; nNMB,
TOFR >75%

B TA-TCeMEPs

-o- Feasibility rate
-+ False-positive rate
100~

X 50+
04— T T > + ¥
&N &Y &> &> &°
PR ORI R &;\“

Neuromuscular blockade phase

curve, pNMB partial neuromuscular blockade, TOF, one or two TOF
counts, TOF, three TOF counts or TOFR<15%; TOF; TOFR at
16-25%, TOF, TOFR at 26-50%, TOFs TOFR at 51-75%; nNMB,
TOFR > 75%
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- Rate of unexpected movement
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Fig.4 The rate of unexpected movement among pNMB phases and
nNMB phase during TCeMEPs monitoring. *P indicates significantly
different from that of TOF,; °P indicates significantly different from
that of TOF,. pNMB partial neuromuscular blockade, TOF, one
or two TOF counts, TOF, three TOF counts or TOFR <15%; TOF,
TOFR at 16-25%, TOF, TOFR at 26-50%, TOF5 TOFR at 51-75%;
nNMB, TOFR >75%

pNMB. In a recent retrospective study involving 220 cra-
niotomies for aneurysm clipping, Hemmer [22] observed
that seven patients exhibited unacceptable movement with
TCeMEPs monitoring in the absence of neuromuscular
blocking drugs. The results of the current study agreed
with the previous studies, which demonstrated the inci-
dence rate of unexpected movement was significantly
higher under nNMB. Additionally, the maintenance of
some pNMB phases may not eliminate the risk of unex-
pected movement, and Yamatomo [23] reported that
pNMB aimed at T, twitch height of 45-55% may elicit
patient movement and interfere with surgery. In the cur-
rent study, the incidence rate of unexpected movement was
not decreased significantly until TOFR was less than 50%.

Interestingly, the results of the current study demon-
strated a difference in the appropriate level of pPNMB for
AH-TCeMEPs compared to TA-TCeMEPs. This difference
is possibly due to incongruent sensitivities of the involved
muscle groups to neuromuscular blockade agents. Similarly,
van Dongen [14] also demonstrated major differences in
sensitivity to neuromuscular blocking drugs among mus-
cle groups (tibialis anterior muscle vs extensor digitorum
communis muscle) due to the unique physical and struc-
tural features, as well as the unique intrinsic physiological
and biochemical properties, of each muscle. When only
one modality can be used, TA-TCeMEPs seems to be more
appropriate for surgical correction of idiopathic scoliosis,
considering the wider range of pNMB for TCeMEPs moni-
toring. If AH-TCeMEPs and TA-TCeMEPs can be used in
combination, pNMB aimed at 26-50% is recommended, as

@ Springer

this level of pPNMB can cover both of them and lead to the
most acceptable level of unexpected movement.

In a previous study, Mahmoud [24] concluded that there
was no significant difference between the left and right sides
of the body in the nNMB state. However, Schwartz [25]
observed differential sensitivity to neuromuscular blocking
drugs for homologous muscles on the two sides of the body
during pNMB phases. In the current study, no statistical dif-
ference existed between left and right sides of TCeMEPs
monitoring among the six periods of NMB. It was confirmed
that pPNMB was feasible for intraoperative monitoring with-
out interfering with the symmetry of TCeMEPs.

Other factors that could confound the interpretation of
the differences between multiple pPNMB phases and nNMB
phase were analyzed. The temperature [26] and depth of
anesthesia [5] were not changed throughout the study period,
and the hemodynamics [27] of the patients were tightly con-
trolled. The only factor that changed among the phases was
the neuromuscular blockade.

In summary, the effects of varying levels of NMB on
TCeMEPs monitoring and the risk of unexpected movement
during surgical correction for idiopathic scoliosis under
total intravenous anesthesia were investigated. The results
demonstrate that the application of a stable level of pNMB
with TOFR aimed at 26-50% for AH-TCeMEPs or 16-50%
for TA-TCeMEPs seems to be an appropriate regimen for
TCeMEPs monitoring. This regimen also seems adequate
to avoid suboptimal operating conditions during surgical
correction for idiopathic scoliosis under total intravenous
anesthesia.
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