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Abstract
Purpose Little is known about the reliability and value of intraoperative neurophysiological monitoring (IONM) in patients 
with Duchenne muscular dystrophy (DMD) undergoing scoliosis correction surgery. The aim of this study was to investigate 
the feasibility of IONM and the cortical excitability in these patients.
Methods Fifteen patients with DMD and scoliosis and 15 patients with adolescent idiopathic scoliosis (AIS) underwent sco-
liosis correction surgery with the use of IONM. IONM consisted of transcranial electrical stimulation motor evoked potential 
(Tc-MEP) and somatosensory evoked potential (SSEP) monitoring. The highest Tc-MEP amplitudes were collected to test the 
feasibility. Preoperative compound muscle action potentials (CMAPs) and transcranial magnetic stimulation (TMS)-MEPs 
were recorded to test the cortical excitability. SSEPs were scored as elicitable or not elicitable.
Results Tc-MEP amplitudes were significantly lower in the DMD group for both the gastrocnemius and tibialis anterior 
muscles. However, the abductor hallucis muscle had similar amplitudes in both the DMD as the AIS group. TMS/CMAP 
and Tc-MEP/CMAP ratios were similar in the DMD and AIS group (P = 0.126 and P = 0.792 respectively).
Conclusions Tc-MEP and SSEP monitoring is feasible, particularly when Tc-MEPs are recorded from the abductor hallucis 
muscle in patients with DMD. Similar TMS/CMAP and Tc-MEP/CMAP ratios show that there were no differences observed 
in cortical excitability between the groups. IONM seems a feasible and valuable neurophysiological tool to signal possible 
surgically induced damage to the spinal cord during scoliosis correction surgery in patients with DMD.

Keywords Duchenne muscular dystrophy · Intraoperative neurophysiological monitoring · Transcranial electrical 
stimulation motor evoked potentials · Scoliosis correction surgery · Cortical excitability

Introduction

Duchenne muscular dystrophy (DMD), a recessive X-linked 
muscle disease, is the most common of the muscular dystro-
phies. It is caused by mutations in the dystrophin gene which 
encodes dystrophin, an important structural component of 
muscle tissue. Loss of dystrophin causes progressive muscle 
weakness, with the proximal muscles more affected than 
the distal muscles [1]. During puberty, patients are at risk 
of developing scoliosis due to weakness of the spinal mus-
cles in combination with rapid growth of the spinal column. 
Lebel et al. followed up patients with DMD for 15 years and 
found that 20% develop scoliosis and need spinal deform-
ity surgery [2]. The goal of scoliosis correction surgery is 
to improve pulmonary function, decrease pain and improve 
wheelchair and seat positioning [3, 4]. The risks of surgery 
for these patients are, however, significant, and the decision 
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whether or not to operate is often quite difficult to make, 
especially as there is no convincing evidence that these 
patients benefit from the procedure [5–7]. However, despite 
the lack of randomized controlled trials, scoliosis surgery 
is still recommended since it improves sitting balance and 
tolerance, pain and quality of life [3, 8].

Intraoperative neurophysiological monitoring (IONM) 
has proven its value in predicting and preventing iatrogenic 
neurological deficits in spine surgery [9, 10]. However, mon-
itoring patients with DMD provides multiple challenges, and 
moreover, they have an increased risk of spinal cord injury 
during scoliosis surgery [11, 12]. Therefore, reliable moni-
toring of spinal cord function during scoliosis correction 
surgery is important in this category of patients.

One challenge with monitoring patients with DMD is 
that to measure transcranial electrical stimulation motor 
evoked potentials (Tc-MEPs), muscle excitation is neces-
sary. Because of muscle degeneration, it can be challenging 
to obtain reliable Tc-MEP measurements.

A second factor that may disturb IONM in patients with 
DMD is that the cortical excitability might be different from 
that found in other patients, due to reduced dystrophin levels 
in the central nervous system (CNS) [13]. This CNS involve-
ment of dystrophin suggests that IONM measurements might 
be interpreted differently as compared to patients without 
reduced dystrophin in the CNS.

Little is known about scoliosis correction surgery with 
the use of SSEPs and Tc-MEPs in patients with DMD since 
there are only few cases described in the literature [14–18]. 
Therefore, we investigated (1) the feasibility of IONM 
and (2) the cortical excitability in patients with DMD and 
scoliosis.

The goal of the study was to investigate and compare 
cortical excitability and feasibility of IONM in patients with 
DMD-associated scoliosis and a cohort of patients with ado-
lescent idiopathic scoliosis (AIS).

Materials and methods

Subjects

This retrospective study from 2003 to 2017 included data 
from 15 patients with DMD and scoliosis and 15 patients 
with AIS. Patient characteristics are listed in Table  1. 
Patients with DMD had become wheelchair dependent at a 
mean age of 10.5 years (SD ± 2.2) and before scoliosis sur-
gery was performed. DMD was diagnosed by genetic testing 
or muscle biopsy.

Surgical technique

All surgical procedures were performed via a posterior 
approach with the patient in prone position. Pedicle screws 
were inserted with the use of computer-assisted navigation. 
Scoliosis was corrected by conventional operating tech-
niques at the discretion of the operating surgeon. For defini-
tive fixation, dual posterior rods were mounted on pedicle 
screws. In order to ensure longevity of the fixation, extensive 
posterior bone grafting was performed.

Anesthetics

All patients were screened by an anesthesiologist before 
surgery. A central venous line was inserted in all DMD 
patients. All patients received total intravenous anesthesia 
with propofol, and remifentanil or sufentanil. Muscle relax-
ants were only given prior to intubation to avoid the nega-
tive effect of muscle relaxation on the muscle responses. 
Esketamine was sometimes used perioperatively as a bolus 
or by infusion as an analgesic adjuvant. To help manage the 
intraoperative blood loss, the use of a cell-saver system and 
tranexamic acid was considered.

Table 1  Patient characteristics

*Significant p < 0.05
SD standard deviation; N number

Duchenne muscular 
dystrophy (N = 15)

Adolescent idiopathic 
scoliosis (N = 15)

P-value

Age at surgery (Mean ± SD years) 15.4 ± 1.6 15.7 ± 2.4 0.567
Male (%) 100.0 20.0  < 0.001*
Surgery time (minutes) 497.20 ± 86.68 344.40 ± 79.38  < 0.001*
Duration of hospitalization (days) 14.20 ± 10.05 8.27 ± 2.46  < 0.01*
Main cobb-angle preoperative (Mean ± SD) 50.1° ± 16.8° 63.9° ± 11.2°  < 0.05*
Main cobb-angle postoperative (Mean ± SD) 36.2° ± 18.8° 30.7° ± 8.9° 0.539
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Intraoperative neurophysiological evaluation

Transcranial electrical stimulation motor evoked potential

Intraoperative Tc-MEPs were performed according to a 
standard procedure using a custom-made constant voltage 
stimulator (before 8-2015, NeuroGuard©, JS Center, Bedum, 
The Netherlands; after 8-2015, NIM-Eclipse E4 IONM sys-
tem, Medtronic BV, The Netherlands). Supramaximal stimu-
lation was performed in which the voltage was optimized 
per patient. Voltages varied between patients from 110 to 
400 V in the DMD group and ranged from 80 to 300 V in 
the AIS group. These large differences in voltage are due 
to the different pulse durations that were used. A higher 
voltage (250–400 V) corresponded with a pulse duration 
of 75 µs, and the lower voltages (80–130 V) corresponded 
with a pulse duration of 300 µs. The number of pulses were 
optimized per patient and varied from 4 to 7 pulses. Inter-
stimulus intervals, ranging from 0.2 to 1 ms, were optimized 
per patient as well.

Tc-MEPs were recorded using surface electrodes (3 M® 
ECG) at the left and right tibialis anterior (TA), the left and 
right gastrocnemius (GAS), the left and right abductor hal-
lucis (AH) and the right or left hand. From October 2013, 
Tc-MEP recordings in the patients with DMD were also 
performed in non-limb muscles consisting of the sphincter 
muscles, using needle electrodes, and the left and right rec-
tus abdominis.

A decrease of 80% of MEP amplitude was considered 
as warning criteria of potential neurological damage, but 
only if anesthetic, physiological or technical reasons for the 
decline were ruled out.

Somatosensory evoked potentials

SSEPs were recorded after stimulation of the posterior tib-
ial nerves. A distinction was made between the number of 
SSEPs for the left and right leg. The left and/or right ulnar 
or median nerve was also stimulated for SSEPs. Stimulation 
was performed with an intensity up to 60 mA, a duration 
of 0.2 ms and a 4.3 Hz repetition rate. The recordings were 
performed on the scalp at Cz’–Fz.

Preoperative neurophysiological evaluation

Compound muscle action potentials

Compound muscle action potential amplitudes (CMAPs) 
were recorded from the TA muscle after stimulating the 
fibular nerve (Nicolet Synergy EP/EMG system, FMH 
Medical BV, The Netherlands). CMAPs were recorded using 

1-cm-diameter surface electrodes for both left and right TA 
muscles. Stimulation was performed with a current up to 
100 mA and a pulse duration of 1 ms.

Transcranial magnetic stimulation

Transcranial magnetic stimulation (TMS) was performed 
with a magnetic stimulator connected to a round coil at 
anatomical location Fz–Cz (Magstim 200 HP, the Magstim 
Comp, Dyfed, UK). Single pulses were applied at 100% 
stimulation.

Statistical analysis

CMAP, TMS, Tc-MEP and SSEP data were compared 
between the patients with DMD and patients with AIS. 
TMS/CMAP and Tc-MEP/CMAP ratios were calculated. 
The patients characteristics were also compared between 
these groups. Due to our small sample sizes, the Shap-
iro–Wilk test was used, to test whether the results were nor-
mally distributed. Normally distributed data were analyzed 
with the independent T-test. Not normally distributed data 
were analyzed with the Mann–Whitney U test.

Results

Intraoperative Tc‑MEPs and SSEPs

Fifteen patients with DMD for whom IONM data were avail-
able were included. In all 15 patients with DMD (100%), 
Tc-MEPs were elicitable during surgery. There were no 
decreases in Tc-MEP amplitude of more than 80%. No DMD 
patients deteriorated neurologically directly postoperatively. 
Tc-MEPs were elicitable in all patients with AIS (100%).

The number of muscles that were suitable for Tc-MEP 
monitoring in patients with DMD was limited. At the start 
of surgery, in all 15 DMD patients, Tc-MEPs were elicit-
able from at least one leg muscle, and in 13 DMD patients 
(86.7%) responses were elicitable from five or more muscles. 
In all 15 DMD patients, Tc-MEPs were elicitable in at least 
two muscles at the end of surgery, and in 14 DMD patients 
(93.3%) Tc-MEPs were elicitable in five or more muscles 
at the end of surgery. No patients had fewer muscles that 
were elicitable with Tc-MEP at the end of surgery than at 
the start of surgery. The Tc-MEPs of the patients with AIS 
were always elicitable in all six muscles.

The highest Tc-MEP amplitude per muscle was scored. 
The median and interquartile range of the amplitudes were 
calculated and are shown in mV per muscle for both patients 
with DMD and AIS in Fig. 1 and Table 2. The TA left and 
TA right, and the GAS left and GAS right were significantly 
different (p < 0.003) as evidenced by the Mann–Whitney U 
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test. The AH left and AH right were not significantly differ-
ent (p = 0.567 and p = 0.325 respectively).

SSEPs were elicitable from at least one leg or arm in 
14 DMD patients (93.3%). SSEP data were missing in one 
patient (6.7%) due to a technical problem. SSEPs were 
always elicitable in all patients with AIS.

Non-limb muscles were monitored as well in 11 patients 
with DMD. Muscles included left and right sphincter mus-
cles and the left and right rectus abdominis muscle. In 
six patients (54.5%), Tc-MEP was elicitable in both left 
and right sphincter muscles and in one patient (9.1%) Tc-
MEP was elicitable in the left and right rectus abdominis 

muscles. In the remaining four patients (36.4%), Tc-MEP 
was elicitable in all four muscles.

Preoperative CMAP and TMS

Preoperative CMAP and TMS measurements were taken 
to assess if the patients were eligible for monitoring [19]. 
TMS was elicitable in 14 patients (93.3%) with DMD. 
In one patient, the TMS was not elicitable. The CMAP 
of the tibialis anterior (TA) muscle was elicitable in 12 
patients (80.0%) with DMD. CMAP data were not avail-
able for three patients (20.0%) with DMD; in two patients, 
the CMAP was not performed and one patient was too 
anxious to be measured. In 12 patients (80.0%) with DMD, 
both TMS and CMAP were elicitable, and therefore, the 
TMS/CMAP ratio could be calculated.

The TMS/CMAP ratio could be calculated for all AIS 
patients (100.0%).

The median CMAPs of both the patients with DMD 
and AIS are shown in Fig. 2A. The highest CMAP of 
either the left or right TA muscle was used. The median 
CMAP of the patients with DMD was 1.75  mV (IQR 
1.20–3.05), while the median CMAP of the patients with 
AIS was 6.80 mV (IQR 5.70–8.40). The median CMAP 
is significantly different (P < 0.001) as evidenced by the 
Mann–Whitney U test.

The TMS/CMAP ratio was obtained using the highest 
CMAP and TMS of either the left or right TA muscle. 
A similar median was found (p = 0.126) for both patients 
with DMD (0.67 IQR 0.39–1.00) and AIS (0.47 IQR 
0.31–0.69) (Fig. 2B). Figure 2C shows similar median 
Tc-MEP/CMAP ratios for the left or right TA muscles for 
both groups. The median ratio in the patients with DMD 
was 0.22 (IQR 0.06–0.39) and in the patients with AIS was 
0.19 (IQR 0.11–0.53). The Tc-MEP/CMAP ratios were 
not significantly different (p = 0.792) as evidenced by the 
Mann–Whitney U test.

Fig. 1  Median intraoperative Tc-MEP amplitudes. The x-axis denotes 
the different muscles used for Tc-MEP, and the y-axis denotes the 
median amplitude in mV. The median intraoperative Tc-MEP ampli-
tudes for patients with DMD (black bars) and AIS (white bars) are 
shown. Median intraoperative Tc-MEP amplitudes of the TA and 
GAS muscles were significantly higher in patients with AIS. The 
abductor hallucis muscles had similar median amplitudes in both 
patients with DMD and patients with AIS. Tc-MEP Transcranial 
Electrical Stimulation Motor Evoked Potential; N number; TA Tibialis 
Anterior muscle; GAS Gastrocnemius muscle; AH Abductor Hallucis 
muscle

Table 2  Median intraoperative 
Tc-MEP amplitudes (mV)

IQR interquartile range; Tc-MEP Transcranial Electrical Stimulation Motor Evoked Potential; N number; 
SD Standard Deviation; TA Tibialis Anterior muscle; GAS Gastrocnemius muscle; AH Abductor Hallucis 
muscle

Duchenne muscular dystrophy Adolescent idiopathic scoliosis

Muscle N median (mV) IQR (mV) N median (mV) IQR (mV)

TA left 15 0.27 0.09–0.48 15 0.91 0.42–1.62
TA right 15 0.15 0.07–0.46 15 1.29 0.66–1.97
GAS left 15 0.09 0.01–0.16 15 0.49 0.19–0.71
GAS right 15 0.07 0.01–0.22 15 0.58 0.27–0.68
AH left 15 1.03 0.33–1.80 15 0.86 0.38–2.17
AH right 15 0.74 0.57–1.80 15 1.58 0.80–2.03
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Discussion

In this study, we investigated the feasibility of IONM and the 
cortical excitability in patients with DMD and scoliosis and 
compared the findings with those from patients with AIS. 
Our study had two main findings, namely that (1) AH muscle 
amplitudes are similar in patients with DMD and AIS and 
(2) the cortical excitability seems to be similar for patients 
with DMD and AIS.

The different degree of fatty infiltration in the different 
leg muscles in patients with DMD may account for the first 
main finding that the AH muscles showed similar ampli-
tudes in both groups. Loss of muscle tissue in DMD patients 
with subsequent fat infiltration results in lower Tc-MEP 
amplitudes, since there is less muscle to elicit. Wokke et al. 
showed in an MRI study, in which they investigated the fatty 
infiltration of the leg muscles in patients with DMD that 
lower leg muscles have lower fat percentages as compared 
with the upper leg muscles [20]. Together with another 
study, they demonstrated high fatty infiltration percentages 
and scores for the GAS and TA muscles, explaining our 
lower amplitude findings in the GAS and TA muscles [20, 
21]. Unfortunately, in these studies the fat percentages of 
the AH muscles were not measured. However, our findings 
are concordant with the fact that distal muscles are involved 
later than proximal muscles in patients with DMD.

In support of our first main finding, it is important to eval-
uate how to monitor patients with DMD in the most feasible 
and reliable way in order to decrease the risk of surgically 
induced neurological damage. Kim et al. state that the TA 
muscles are the most reliable muscles to detect neurological 
damage using Tc-MEPs in patients that underwent spinal 
surgery [22]. For patients with DMD, this might also be the 

case, but the AH muscles could correspondingly contribute 
to more reliable IONM measurements, especially because 
of the later development of the fatty infiltration in the AH 
muscles in these patients.

SSEPs were elicitable in all patients with DMD for whom 
data were available (93.3%), and there were no alerts of sig-
nificant SSEP amplitude declines. Similarly to our study, 
Hermanns et al. investigated the reliability of SSEPs in 54 
patients with neuromuscular scoliosis. They demonstrated 
that 88.9% of the SSEPs were recordable and reproducible 
leading to their conclusion that SSEPs are as sensitive and 
specific for patients with neuromuscular scoliosis as for 
patients with AIS [23].

Monitoring non-limb muscles may be useful as escape 
muscles when Tc-MEP is not elicitable in few or no leg 
muscles in patients with DMD. Our results show that non-
limb muscles, consisting of the sphincter muscles and the 
rectus abdominis muscles, can be used for monitoring. In 
tethered cord surgery, Tc-MEP of the sphincter muscles has 
been used frequently and has proven its value [24]. However, 
in scoliosis correction surgery, its feasibility and reliability 
have not been investigated properly yet and should therefore 
be further examined.

Our second main finding is that the cortical excitabil-
ity was similar for patients with DMD and patients with 
AIS. It is thought that the presence of dystrophin in the 
CNS in patients with DMD could have an effect on TMS 
and Tc-MEP measurements [25]. In our study, preopera-
tive CMAP amplitudes were significantly lower in patients 
with DMD and this could have been explained by muscle 
weakness and/or the CNS involvement of dystrophin. How-
ever, when TMS/CMAP ratios and Tc-MEP/CMAP ratios 
were calculated, similar values were found in patients with 

Fig. 2  A. Median Compound Muscle Action Potential; B TMS/
CMAP ratio; C. Tc-MEP/CMAP ratio. Median CMAP, TMS/CMAP 
ratio and Tc-MEP/CMAP ratios of patients with DMD (black bars) 
and patients with AIS (white bars). A The median CMAP is sig-
nificantly higher in patients with AIS than in patients with DMD 
(P < 0.001). B The TMS/CMAP ratio is similar in both patients with 

DMD and patients with AIS (p = 0.126). C The Tc-MEP/CMAP 
ratio is similar in both patients with DMD and patients with AIS 
(p = 0.792). TMS Transcranial Magnetic Stimulation; CMAP Com-
pound Muscle Action Potential; Tc-MEP Transcranial Electrical 
Stimulation Motor Evoked Potential; n Number; DMD Duchenne 
Muscular Dystrophy; AIS Adolescent Idiopathic Scoliosis
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DMD and patients with AIS. This observation suggests that 
the possible cortical alterations in patients with DMD have 
no substantial influence on the cortical excitability when 
using TMS or Tc-MEP. Thus, both when patients are awake 
(TMS) and under anesthesia (Tc-MEP), the cortical excit-
ability seems not to be different in patients with DMD and 
patients with AIS.

Our TMS findings are in agreement with the findings of 
Yayla et al., who stated that TMS excitability in patients with 
DMD did not reveal abnormalities caused by the disorder, 
and that TMS and CMAP measurements did not reveal any 
CNS involvement.

Although this study has limitations, it involves one of the 
larger cohorts of patients with DMD that underwent sco-
liosis surgery. However, the sample size is still too small to 
assess the reliability of IONM in patients with DMD.

In conclusion, routine multimodality IONM of spinal 
cord sensory and motor function is feasible during surgical 
correction of scoliosis in patients with DMD, particularly 
when Tc-MEPs are recorded from the AH muscle. The reli-
ability and feasibility of escape muscles should be further 
examined. Although CMAP amplitudes were significantly 
lower in the DMD group, the cortical excitability was similar 
in patients with DMD and in patients with AIS.
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