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Abstract: Evaluation of the patients after the surgical correction of idiopathic scoliosis in long-term 

follow-up with the clinical neurophysiology methods has not been presented in detail. This study 

aimed to compare the results of the neurophysiological studies in 45 girls with scoliosis of Lenke 1-

3 types performed pre- (T0), postoperatively (T1, one week after surgery), and 6 months after the 

surgery (T2). Parameters of surface electromyography during the attempt of maximal contraction 

(mcsEMG) and transcranially evoked motor evoked potentials (MEP) recorded from anterior tibial 

muscles, as well as the electroneurography (ENG) of peripheral transmission in the peroneal nerve 

motor fibers were compared. The results indicate that efferent neural conduction function both 

centrally and peripherally as well as TA muscle function improve immediately after surgical 

correction of scoliosis (at p=0.05) and further normalization appears after six months in long-term 

follow-up (at p=0.03). It has been found in sEMG recordings, that the TA muscle motor unit 

recruitment function after half a year from surgical treatment in IS patients is comparable to the 

normal condition. ENG recordings results indicated the gradual retreat of the motor fibers injury 

symptoms mainly of the axonal type in peroneal nerves, the surgeries improved also the lumbar 

ventral roots’ neural transmission to the functional status considered as normal. MEP amplitude 

parameters recorded after the surgical scoliosis correction in T1 indicated a slight improvement in 

the efferent transmission of neural impulses within the fibers of the spinal tracts; in long-lasting T2 

observation, they reached values comparable to those recorded in healthy volunteers bilaterally. 

Preoperatively (T0) the results of all neurophysiological study parameters in IS patients were 

asymmetrical at p=0.036-0.05 and recorded as worse on the concave side, suggesting the 

lateralization of neurological motor deficits. One week postoperatively (T1), this asymmetry was 

recorded as gradually reduced, showing almost no difference between the right and left sides six 

months later (T2). The presented algorithm of the diagnostic proceeding pre-, early post- and long-

lasting postoperatively using mcsEMG, MEP, and ENG neurophysiological examinations can be 

significant not only in making the final decision regarding surgical treatment and its personalization 

but also helps in precise ascertaining its effects as well as in predicting the final result of IS treatment. 
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1. Introduction 

Although the etiology of idiopathic scoliosis (IS) is considered to be multifactorial, involving the 

influence of pathologies related to the musculoskeletal system, developmental and genetic factors, 

nutritional deficiencies, early exposure to toxins and hormonal dysregulation [1]; neuropathological 

mechanisms occurring at the level of the brain and spinal cord may especially trigger or enhance the 

spine curvature progression and related neurological deficits [2]. Development of pathological lateral 

curvature and axial rotation of the spine during ontogenesis in patients with IS affect the anatomical 

relationships of the spinal cord in the central canal, leading primarily to abnormalities in the activity 

of gray matter nerve centers and transmission of afferent and efferent impulses in the axons of white 

matter funiculi [3, 4]. The incidence of spinal cord pathology in pediatric patients with scoliosis has 

been reported to be frequently detected even at 20%; with preoperative magnetic resonance imaging 

(MRI) demonstrating various intraspinal abnormalities [5, 6]. Secondarily to IS origin, disorders in 

the conduction of neural impulses within the spinal roots, development of neuropathy in the 

peripheral nervous system, and neurogenic changes in the muscular system occur [4]. Results of the 

clinical neurophysiology diagnostics have proven the high incidence of the mentioned abnormalities 

before treatment, the axonal-type injury symptoms in peroneal motor fibers, which postoperatively 

improved on the concave side of IS in parallel with the lumbar ventral roots neural motor conduction 

[7]. Although these pathologies can be considered as subclinical, the surgical intervention restores 

the proper relations of the lumbar ventral roots in the spinal central canal, with symptoms resembling 

their decompression.  

Kinesiotherapeutic treatment [8, 9] and bracing [10-13] for improving the proper body posture, 

in the majority of IS patients provide only partial benefits for slowing down the progression of the 

pathological curvature. Negrini et al. [14, 15] concluded on the necessity for surgical intervention in 

IS patients with a primary Cobb angle of 40–45 degrees when a fast worsening of the pathology is 

expected. This supports data from Diebo et al. [16] and Addai et al. [9] which indicated that 47% of 

patients were brace-eligible when the primary IS curvature ranged 20-45 degrees and 21% were 

surgical candidates for correction with Cobb angle more than 45 degrees. The curvature correction 

following selective thoracolumbar fusions of idiopathic scoliosis is successfully realized by posterior 

and anterior approaches. The purpose of surgical treatment is to achieve a three-dimensional 

symmetry of the affected spine while minimizing the number of fused levels [17]. A fundamental 

aspect of surgical IS treatment is also the restoration of the sagittal balance; back pain, disc-root 

conflicts, and progressive degenerative disk disorder may be the consequences of non-treated disease 

[18]. Surgical correction of scoliosis includes many procedures, during which the spinal cord, the 

nerve roots, and the key blood vessels are exposed at risk of frequent injury. The current data indicate 

that in 6.3% of patients through various mechanisms, including direct trauma to the spinal cord, 

ischemia, and stretch during IS deformity correction neurologic complications may occur [19]. In 

pediatric surgeries, intraoperative neuromonitoring provides a safe and useful warning to minimize 

spinal cord injury incidence [20]. 

Clinical assessment, including also classical X-ray and neuroimaging, in patients with scoliosis 

is a routine examination performed pre- and postoperatively [21, 22], rarely in long-term follow-up 

[23, 24], aimed at indicating the validity of the surgical procedure and at the observation of its effects 

in relation to biomechanical and aesthetic features of spine. In a few cases, it influences the decision 

to perform reoperation. In a review of the literature on this topic, if long-term clinical evaluation of 

patients with IS was performed, it usually involved the evaluation of radiographs; the results of 

available clinical tests assessing the function of the muscular and nervous systems were not reported.  

The neurophysiological assessment has the most important intraoperative significance during 

neuromonitoring of the neural impulses conduction within the spinal cord pathways [25], although 
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preoperatively in patients with IS it supports the clinical assessment in making decisions about 

surgical treatment [26]. Few studies in the field of clinical neurophysiology presenting postoperative 

recordings, especially of motor evoked potentials, proved an immediate functional improvement of 

efferent conduction of spinal pathways in IS patients [7]. This does not imply that preoperative 

monitoring techniques are inherently more sensitive than intraoperative ones; the different 

assessments, pre- and intraoperative serve different purposes and may provide complementary 

insights into the neurological aspects of idiopathic scoliosis. 

 Neurophysiological evaluation of the patients after the surgical correction of idio-pathic 

scoliosis in long-term follow-up has not been presented in detail. Therefore, the aim of this paper is 

to present results of the comparative bilateral results of surface-recorded electromyography (EMG) 

and motor evoked potentials (MEP) recorded from tibialis anterior muscle, as well as the peroneal 

nerves electroneurography (ENG), not only before and after the scoliosis correction but also six 

months postoperatively. We will verify the main hypothesis of whether the effect of direct 

improvement of the neural impulses efferent conduction of spinal cord pathways following 

curvature correction in IS patients remains unchanged or continues to progress in the long-term 

follow-up. The null hypothesis in this study is that there is no difference in the parameters of 

electromyographic, electroneurographic, and transcranially evoked motor potentials recorded 

bilaterally from muscles of lower extremities in IS patients pre- and in long-lasting observation period 

postoperatively.          

2. Materials and Methods 

2.1. Participants and Study Protocol 

Data from forty-five girls with IS treated between 2019 and 2023 years in Wiktor Dega 

Orthopedic and Rehabilitation Hospital in Poznań, Poland were selected for this study from the 

cohort of 372 patients.  

The inclusion criteria were primary right thoracic and secondary left lumbar IS with Cobb angles 

included in similar ranges based on the measurements from anterior-posterior and lateral X-rays, 

Lenke 1-3 (mainly 2) type of IS [27], matching the same technique of the patients’ surgery using Nova 

Spine corrective instrumentation with a similar number of the applied pedicle screws between 8 to 

19 (13 on average), data acquisition from the same set of three diagnostic clinical neurophysiology 

tests performed preoperatively (T0), one week postoperatively (T1) and six months after surgery (T2) 

(Table 1).  

Three times performed neurophysiological evaluation of patients included bilateral tibialis 

anterior (TA) muscle electromyography during maximal contraction with surface electrodes 

(mcsEMG,) peroneal nerve electroneurography (ENG) recorded from extensor digitorum brevis 

(EXT) muscle following the electrical stimulation at the ankle, and motor evoked potential (MEP) 

recordings from tibialis anterior muscles following transcranial magnetic stimulation (TMS). 

Exclusion criteria covered the same contraindications as for diagnostic TMS and transcranial 

electrical stimulation utilized during the neuromonitoring procedures; including head trauma, 

epilepsy, cardiac disease, pacemakers or other implanted biomedical devices, and pregnancy [28]. In 

the preoperative studies, the patients were fully aware and cooperative and there was no need to 

apply anesthetics, nor in the postoperative observations. 

A control group of 80 healthy volunteers was examined to establish reference values for 

mcsEMG, ENG and MEP neurophysiological recordings. To ensure comparability, the control 

group's demographics (gender, age, height, and weight) were adjusted to match those of the patient 

group. We have preliminarily chosen and matched the subjects of both groups taking into account 

the similar demographic and anthropometric properties; the significant differences in age, height, 

and weight between the patients and healthy volunteers in the control group were not observed 

(Table 1). 
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Table 1. Demographic, anthropometric, and scoliosis characteristics of the patients and healthy 

volunteers from the control group. Minimum, maximum, mean values, and standard deviations are 

presented. . 

Variable  
Group of subjects 

 Age 
(years) 

Height (cm) 
Weight 

(kg) 
BMI 

 Scoliosis 
type 

Cobb’s 
angle 

Patients 
N = 45♀ 

9 – 17 
14.8 ± 1.7 

135 – 180 
164.1 ± 2.5 

28 – 82 
52.7 ± 3.7 

17.1 – 
30.2 

22.8 ± 4.3 

 Lenke 1= 
12 

Lenke 2 = 
26 

Lenke 3 = 
7 

Primary 
42 – 89 

58.4 ± 5.8 
Secondary 

29 – 48 
35.2 ± 3.8 

Healthy volunteers 
Control 
N = 80♀  

8 – 17 
13.9 ± 1.9 

133 – 182 
166.9 ± 2.3 

28 – 85 
53.1 ± 6.0 

17.5 – 
29.5 

22.4 ± 3.5 

 
NA NA 

p - value 0.228 NS 0.293 NS 0.232 NS 0.271 NS    

Abbreviations: ♀-female; NS – non-significant; NA – non-applicable; p ≤ 0.05 determines significant statistical 

differences. 

Patients were surgically treated and clinically evaluated three times in T0-T2 periods of 

observation by the same team of four experienced spine surgeons; neurophysiological studies were 

performed by the same two neurophysiologists. 

Ethical considerations were in agreement with the Helsinki Declaration. Approval was received 

from the Bioethical Committee of the University of Medical Sciences in Poznań, Poland (including 

studies on healthy people), decisions No. 942/21. Each subject (and her parent/legal guardian) was 

informed about the aim of the study and gave written consent for examinations and data publication. 

2.2. Treatment 

 Before the surgical treatment, twenty-five out of the 45 patients were treated with the Cheneau 

brace but all of them had applied the physiotherapeutic exercises aimed at correcting the body 

posture. During the scoliotic spine surgery, the implantation of a Nova Spine corrective 

instrumentation system (Amiens, France) was utilized by a posterior approach in a prone position of 

patients (Figure 1 Db). The deformity was corrected following the pedicle polyaxial and monoaxial 

screws implantation and implementation of two corrective rods (5.5 mm in diameter) made of 

titanium alloy (Figure 1 Dc). The manoeuvers of convex rod rotation, apical translation, segmental 

derotation, distraction on the concave side, and compression on the convex side were performed to 

obtain spine fusion. All mentioned surgical procedures were applied under the control of X-ray C-

arm and neuromonitoring navigations (Figure 1 Da,c). Further details regarding the surgical 

procedures and intraoperative neurophysiological recordings are described elsewhere [7]. 

2.3. Neurophysiological Recordings 

Principles of the neurophysiological studies’ methodology performed at three periods of 

observation (preoperatively - T0, postoperatively one week after surgery - T1, and 6 months after the 

surgery - T2) are presented in Figure 1. Tests were performed in the same diagnostic room with a 

controlled temperature of 22 °C; all patients were examined in a supine position. The KeyPoint 

Diagnostic System (Medtronic A/S, Skøvlunde, Denmark) was used for recordings of all 

neurophysiological tests. 

Electromyographical recordings were performed using surface electrodes (mcsEMG), bilaterally 

applied to the tibialis anterior muscle (TA) (Figure 1 Aa), to assess the motor unit recruitment during 

the attempt of the maximal contraction lasting 5 s (Figure 1 Ab). Disposable Ag/AgCl surface 

recording electrodes (surface of 5 mm2), with an active electrode placed on the muscle belly, a 

reference electrode on the distal tendon of the same muscle, and a ground electrode on the distal part 

of the examined muscle were used. The resistance between the electrode surface and the skin was 

decreased with electroconductive gel.  
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Figure 1. Photographs illustrating methodological principles of the neurophysiological studies 

repeated in T0-T2 periods of observation and the treatment. A - Bilateral electromyography 

recordings with the pair of surface electrodes from the tibialis anterior muscle (r) were performed at 

rest (a) and during the attempt of maximal contraction (b). B - Bilateral electroneurography recordings 

from the extensor digitorum brevis muscle (r) were performed following the electrical stimulation of 

the motor fibers in the peroneal nerve at the ankle (s). C - Bilateral motor evoked potential recordings 

were performed from the tibialis anterior muscle (r) following the transcranial magnetic stimulation 

(TMS) (a). Preoperatively, this study also aimed to find the best "hot spot" place for transcranial 

magnetic stimulation (b) marked over the skull (c) which was used for the intraoperative 

neuromonitoring procedures. D - recordings of the motor evoked potential were also performed 

intraoperatively from upper and lower extremities muscles bilaterally including the anterior tibial 

muscle during the scoliosis corrective surgeries (b). "Hot spots" ascertained preoperatively were used 

for the transcranial motor cortex centers excitation with the electrical stimuli delivered via 

subcutaneous electrodes (a). This study verified the correct conduction of the motor pathways of the 

spinal cord during bilateral procedures of corrective instrumentation implantation (c). 
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During the mcsEMG recordings acquisition and interpretation, we followed standards 

according to the Guidelines of the International Federation of Clinical Neurophysiology—European 

Chapter [29-31]. Three attempts of the maximal muscle contraction for 5 s were performed by the 

patient each time; the neurophysiologist selected the best recording with the highest mean amplitude 

measured peak-to-peak with reference to the isoelectric line for analysis. The amplitude measured in 

μV and the frequency of muscle motor unit action potential recruitment measured in Hz were the 

output data from mcsEMG recordings. The frequency index (FI, 3–0) based on the calculations of 

motor units action potential recruitment during maximal contraction: 3 = 95–70 Hz—normal, 2 = 65–

40 Hz—moderate abnormality, 1 = 35–10 Hz—severe abnormality; 0 = no contraction was analyzed. 

All mcsEMG recordings in both healthy volunteers and patients were performed at a base time of 80 

ms/D and an amplification of 20–1000 μV/D. The upper 10 kHz and the lower 20 Hz filters were set 

in the recorder. 

To assess the transmission of neural impulses in the motor peripheral fibers of the peroneal 

nerves, bilateral electroneurography (ENG) was performed (Figure 1 B). This method assessed if the 

abnormal muscle function or the efferent transmission were caused by the pathologies in the L5 

ventral root fibers' neural conduction and/or the consequences of peripheral neuropathies. Electrical 

stimulation with rectangular pulses of 0.2 ms duration at a frequency of 1 Hz and an intensity ranging 

from 0 to 80 mA using bipolar stimulating electrodes placed over the skin along the anatomical 

passages of the nerve at the ankle evoked the compound muscle action potentials (M-waves, CMAP) 

and F-waves which were recorded from the extensor digitorum brevis muscle (EXT). Recordings of 

these potentials were assumed to verify the transmission of neuronal impulses in the motor fibers 

peripherally and within L5 ventral spinal roots, respectively. The amplification of 100–5000 μV/D 

and a time base of 2–10 ms/D for ENG recordings were adjusted in a recorder. The parameters of 

amplitudes (in μV) and latencies (in ms) for M–waves, interlatencies of recorded M-F waves (in ms), 

and frequencies for F-waves (usually not less than 14 during evoking 20 positive, successive 

recordings of M—waves) were the outcome measures. The normative values recorded in healthy 

volunteer subjects were compared with the test results of the patients. The details on the methodology 

of acquisition and interpretation of ENG studies are described in other papers [32, 33]. 

Motor evoked potentials (MEPs) were induced using a single, biphasic, 5 ms lasting magnetic 

stimulus delivered transcranially (TMS, Figure 1 Ca) with a magnetic circular coil (C-100, 12 cm in 

diameter) placed over the scalp in the area of the M1 motor cortex. The MagPro X100 magnetic 

stimulator (Medtronic A/S, Skøvlunde, Denmark) was used for the stimulus generation. The 

excitation was targeted with an angle for the corona radiate excitation, where the fibers of the 

corticospinal tract for innervation of lower extremities muscles take the origin from. MEPs were 

recorded with surface electrodes from TA muscles bilaterally. The magnetic field stream delivered 

from the coil at the strength 70–80% of the resting motor threshold (RMT; 0.84–0.96 T) excited all 

neural structures up to 3–5 cm deep. With such a condition, the cells of origin of the rubrospinal tract 

in the midbrain are expected to be also excited. The latency and amplitude parameters were analyzed 

as the outcome measures to assess the primary motor cortex output and evaluate the global efferent 

transmission of neural impulses to effectors via spinal cord descending tracts. The location of an 

optimal stimulation (a hot spot in the area where TMS elicited the largest recorded MEP amplitude; 

Figure 1Bb and c) was searched following the consecutive tracking distanced 5 mm from each other. 

The reproducibility of the MEPs recordings at T0-T2 was supported by the accurate photographic 

documentation of hot spots marked at a similar location of the transcranial stimulation. The MEP 

amplitude was measured from peak to peak of the signal, the latency from the stimulus application 

marked by the artefact in the recording to the onset of the positive inflexion of potential. The 

stimulation was not reported by the subjects as painful. During MEPs acquisition, the low-pass filter 

of recorder was set to 20 Hz, the high-pass filter to 10 kHz, the time base at 10 ms/D, and the 

amplification of signals between 200 and 5000 μV. A bandwidth of 10 Hz to 1000 Hz and 

digitalization at 2000 samples per second and channel were used during recordings. Further details 

on the methodology of MEP recordings have been described in detail elsewhere [34, 35]. 
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 Neuromonitoring sessions were performed in the theatre using the ISIS system (Inomed 

Medizintechnik, Emmendinger, Germany) (Figure 1Dc). Motor evoked potentials were induced as a 

result of transcranial electrical stimulation (Figure 1Da) in areas of the cortical motor fields for 

innervation of the thumb and selected muscles of the lower extremities following the application of 

a sequence of four stimuli (duration of a single pulse 500 μs) with an intensity of 105 mA on an 

average via bipolar subcutaneous electrodes. We used our experience in the application of the surface 

electrodes for MEP recording from TA and other upper and lower extremities muscles according to 

the previous descriptions [7]. 

The choice in this study for the presentation of the results of MEPs and sEMG recordings from 

the tibialis anterior muscle as the key muscle was dictated the most often presented comparisons of 

the recorded parameters in scientific reports of other authors related to the treatment of IS patients 

when the neurophysiological tests were utilized for their evaluation. 

2.4. Statistical analysis 

Statistica, version 13.1 (StatSoft, Kraków, Poland) was used for the data analysis. Descriptive 

statistics were reported as minimal and maximal values (range), with mean and standard deviation 

(SD). The normality distribution and homogeneity of variances were studied with the Shapiro–Wilk 

test and with Levene’s test. The frequency mcsEMG index and recorded F-wave frequencies were of 

the ordinal scale type, while amplitudes and latencies of other analysed neurophysiological tests 

were of the interval scale type. However, they did not represent a normal distribution; therefore, the 

non-parametric tests had to be used. None of the collected data represented a normal distribution or 

was of the ordinal scale type; therefore, the Wilcoxon’s signed-rank test was used to compare the 

differences between results obtained before and after treatment, as well as to compare results at the 

T0, T1 and T2 periods of observation. In the cases of independent variables, the non-parametric 

Mann–Whitney test was used. Any p-values of ≤0.05 were considered statistically significant. The 

cumulative data from parameters of mcsEMG, ENG and MEP recordings performed on both sides 

were used for comparison in T0, T1, and T2. The results from all neurophysiological tests performed 

on patients were also calculated from the group of healthy subjects (control group) to achieve the 

normative parameters used to compare the health status between the patients and the controls. 

Results did not reveal any significant difference in values of parameters recorded in 

neurophysiological tests on the left and right sides in controls. Attention was paid to matching 

patients and healthy controls’ demographic and anthropometric properties, including gender, age, 

height, weight, and BMI. Statistical software (StatSoft, Kraków, Poland) was used to determine the 

required sample size using the primary outcome variable of sEMG and MEPs amplitudes recorded 

from TA muscles before and after treatment with a power of 80% and a significance level of 0.05 (two-

tailed). The mean and standard deviation (SD) were calculated using the data from the first 20 

patients, and the sample size software estimated that more than 40 patients were needed for this 

study. 

3. Results 

 In the vast majority of patients described in this paper, the Cheneau brace or the 

physiotherapeutic exercises, if applied, were not effective forms of treatment for diminishing the 

scoliosis progression.  

The mcsEMG amplitude recording parameters, ENG parameters and MEPs amplitude 

parameters recorded in the observation periods between T0 and T1 differed significantly at p=0.032-

0.049, showing trends of the values increasing (see Table 2, right side). This trend gradually increased 

for all parameters recorded in all tests performed in the observation periods between T0 and T2 when 

the differences were ascertained at p=0.019-0.045. This suggests that efferent neural conduction 

function both centrally and peripherally as well as TA muscle function improve immediately after 

surgical correction of scoliosis and further normalization appears after six months in long-term 

follow-up.   
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Comparison of more amplitudes than FI parameters from mcsEMG recordings indicated, that 

patients' TA muscle motor units activity differed in T0 from the healthy controls at p=0.025-0.037, but 

this difference became less significant in T1 at p=0.026-0.042 and the least significant in T2 at p=0.043-

0.046 (Table 2, see also Figure 2 Aa-Ca and Figure 3 A). It seems that the TA muscle motor unit 

recruitment function after half a year from surgical treatment in IS patients is comparable to the 

normal condition. 

In ENG recordings performed preoperatively, early postoperatively, and in a long-term 

observation, the tendency to increase values of M-waves amplitudes (at p=0.007-0.011, see also Figure 

3 B) and decreasing values of latencies (at p=0.034-0.075, Table 2) indicated the gradually retreat the 

symptoms of peroneal motor fibers injury of mainly the axonal type. The parallel change of increase 

in the F-waves frequencies parameters in ENG recordings following the application of twenty 

electrical stimuli (p=0.042-0.055), provided evidence that surgeries improved also the lumbar ventral 

roots’ neural transmission (Figure 2 Ab-Cb), to the functional status considered normal. The M-F 

waves interlatency parameter analysis in T0-T2 revealed a similar improvement at p=0.031-0.062. In 

healthy volunteers, the strength of the electrical current to evoke the maximal M-wave amplitudes in 

ENG recordings ranged from 17 to 39 mA with a mean of 25.4 ± 2.1 mA, while in patients in T2 period 

of observation, it ranged from 30 to 45 mA (mean of 27.1 ± 1.9 mA), suggesting a lower, more 

physiological threshold of excitation for motor fibers of peroneal nerves. 

The difference between parameters of MEPs amplitudes from recordings of healthy volunteers 

and patients before surgery was at p= 0.009-0.01 (Table 2, bottom; see also Figure 2 Ac and Figure 

3C). After the surgical scoliosis correction in T1 (Figure 2 Bc and Figure 3C) it was at p=0.019−0.027, 

indicating a slight improvement in the efferent transmission of neural impulses within the fibers of 

the spinal tracts. In long-lasting T2 observation, this difference further diminished and the 

amplitudes differed only at p=0.041-0.046 bilaterally (Figure 2 Cc and Figure 3 C). 

Preoperatively (T0), the results of all neurophysiological study parameters in IS patients were 

asymmetrical at p=0.036-0.05 and recorded as worse on the concave side, suggesting the lateralization 

of neurological motor deficits (Table 2, Figure 2 Aa,c). One week postoperatively (T1), this asymmetry 

was recorded as gradually reduced (Figure 2 Ba,c), showing almost no difference between the right 

and left sides six months later (T2) (Figure 2 Ca,c). 

Table 2. Comparison of results from electromyographical, electroneurographical and motor evoked 

potential recordings performed in 45 patients pre- (T0) and postoperatively (T1 – one week after 

surgery, T2 – six months after surgery) and in 80 healthy volunteers (Control).  . 

Test 

Parameter 

Sid

e 

Contr

ol 
Scoliosi

s 

side 

Patients  

Preoperati

ve 

T0  

(1 day 

before 

surgery)  

Control  

vs.  

Patients  

Preoperati

ve 

T0 

Patients 

Postoperati

ve  

T1 

(1 week 

after  

surgery) 

Control  

vs.  

Patients  

Postoperati

ve 

T1 

Patients 

Postoperati

ve 

T2 

(6 months 

after  

surgery) 

Control  

vs.  

Patients  

Postoperati

ve 

T2 

Patients  

Preoperativ

e 

T0 

vs. 

Postoperati

ve 

T1 

Patients  

Preoperativ

e 

T0 

vs. 

Postoperati

ve 

T2 

Min. – 

Max. 

Mean 

± SD 

Min. – 

Max. 

Mean ± SD 

p - value 
Min. – Max. 

Mean ± SD 
p - value 

Min. – Max. 

Mean ± SD 
p - value p - value p - value 

Tibialis anterior muscle electromyography during maximal contraction (mcsEMG) 

Amplitud

e (μV) 

R 

600 – 

2600 

890.6 ± 

104.2 

Conve

x  

300 – 2500 

548.2 ± 95.4 
0.037 

300 – 2650 

677.3 ± 94.8 
0.042 

400 – 2700 

725.5 ± 93.3 
0.046 0.044 0.039 

L 

600 – 

2550 

887.8 ± 

91.5 

Concav

e 

260 – 2500 

453.1 ± 82.1 
0.031 

250 – 2550 

572.1 ± 91.9 
0.041 

200 – 1950 

663.1 ± 92.0 
0.043 0.046 0.040 
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p - value 

R 

vs. 

L 

0.327 

Conve

x 

vs. 

Concav

e 

0.049 NA 0.050 NA 0.051 NA NA NA 

FI (3-0) 

R 

3.0 – 

3.0 

3.0 

Conve

x  

3.0 - 1.0 

2.3 ± 0.4 
0.032 

3.0 - 1.0 

2.4 ± 0.3 
0.031 

3.0 - 2.0 

2.8 ± 0.4 
0.045 0.054 0.035 

L 

3.0 – 

3.0 

3.0 

Concav

e 

3.0 – 1.0 

2.2 ± 0.5 
0.025 

3.0 – 1.0 

2.3 ± 0.5 
0.026 

3.0 – 2.0 

2.7 ± 0.4 
0.044 0.061 0.031 

p - value 

R 

vs. 

L 

NS 

Conve

x 

vs. 

Concav

e 

0.046 NA 0.045 NA 0.045 NA NA NA 

Peroneal nerve ENG recorded from extensor digitorum brevis muscle after stimulation at ankle 

M-wave 

Amplitud

e (μV) 

R 

3000 – 

12500 

6760.1 

± 965.1 

Conve

x  

1500 – 9800 

2702.1 ± 

353.1 

0.007 

1400 – 

10500  

2804.1 ± 

362.7 

0.008 

1400 – 

11000  

3011.3 ± 

332.0 

0.009 0.041 0.036 

L 

3000 – 

11600 

6558.4 

± 877.3 

Concav

e 

1400 – 9800 

2525.3 ± 

422.5 

0.008 

1500 – 

10000  

3025.4 ± 

421.9 

0.009 

1400 – 1050 

3191.4 ± 

406.7 

0.011 0.036 0.033 

p - value 

R 

vs. 

L 

0.228 

Conve

x 

vs. 

Concav

e 

0.050 NA 0.048 NA 0.049 NA NA NA 

M-wave 

Latency 

(ms) 

R 

3.2 – 

5.4 

4.5 ± 

1.1 

Conve

x  

3.2 – 6.4 

5.3 ± 1.4 
0.042 

3.5 – 6.6   

5.3 ± 1.3 
0.041 

3.2 – 6.3   

4.6 ± 1.3 
0.068 0.167 0.039 

L 

3.3 – 

5.5 

4.6 ± 

1.1 

Concav

e 

3.5 – 6.5 

5.5 ± 1.3 
0.034 

3.5 – 6.6  

5.1 ± 1.4 
0.037 

3.3 – 6.2  

4.7 ± 1.4 
0.075 0.049 0.042 

p - value 

R 

vs. 

L 

0.328 

Conve

x 

vs. 

Concav

e 

0.048 NA 0.046 NA 0.061 NA NA NA 

F-wave  

Frequency 

(x/20 M-

waves) 

R 

14 – 20 

17.5 ± 

1.3 

Conve

x  

10 – 16   

12.1 ± 1.5 
0.043 

11 – 19   

14.0 ± 1.4 
0.048 

12 – 18   

15.6 ± 1.3 
0.055 0.048 0.045 

L 

14 – 20 

17.8 ± 

1.4 

Concav

e 

8 – 15   

11.1 ± 1.5 
0.042 

11 – 17   

13.9 ± 1.3 
0.046 

12 – 17   

14.8 ± 1.4 
0.052 0.048 0.045 

p - value 

R 

vs. 

L 

0.318 

Conve

x 

vs. 

Concav

e 

0.050 NA 0.074 NA 0.061 NA NA NA 

M-F 

waves  

Interlaten

cy 

(ms) 

R 

38.6 – 

49.2 

44.4 ± 

2.2 

Conve

x  

39.1 – 57.3 

 50.4 ± 2.7 
0.045 

38.2 – 57.3  

48.9 ± 2.4 
0.048 

38.5 – 49.0  

45.1 ± 2.1 
0.062 0.049 0.038 

L 

38.0 – 

49.4 

44.7 ± 

2.3 

Concav

e 

40.1 – 59.8 

53.7 ± 2.2 
0.031 

38.1 – 56.9  

48.4 ± 2.7 
0.047 

38.3 – 51.3  

47.1 ± 2.8 
0.047 0.047 0.046 
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p - value 

R 

vs. 

L 

0.481 

Conve

x 

vs. 

Concav

e 

0.046 NA 0.138 NA 0.045 NA NA NA 

TMS induced MEP recorded from tibialis anterior muscle 

Amplitud

e 

(μV) 

R 

1200 – 

3550 

1697.2 

± 96.6 

Conve

x  

300 – 1350 

412.5 ± 92.1 
0.010 

600 – 2500 

953.1 ± 95.2 
0.027 

950 – 2850 

1488.3 ± 

98.4 

0.046 0.034 0.018  

L 

1000 – 

2950 

1609.1 

± 78.6 

Concav

e 

250 – 1150 

181.4 ± 66.1 
0.009 

400 – 1800 

749.3 ± 88.2 
0.019 

800 – 2700 

1312.7 ± 

87.2 

0.041 0.032 0.019 

p - value 

R 

vs. 

L 

0.291 

Conve

x 

vs. 

Concav

e 

0.036 NA 0.043 NA 0.048 NA NA NA 

Latency 

(ms) 

R 

24.9 – 

31.9 

28.7 ± 

1.3 

Conve

x  

27.6 – 36.1 

32.1 ± 2.2 
0.036 

28.9 – 39.1 

31.7 ± 2.8 
0.044 

25.7 – 34.2 

29.3 ± 2.4 
0.072 0.059 0.045 

L 

25.3 – 

32.3 

29.1 ± 

1.4 

Concav

e 

28.4 – 37.8 

32.8 ± 2.4 
0.039 

30.5 – 41.0 

33.6 ± 2.6 
0.037 

26.8 – 35.3 

29.9 ± 2.3 
0.064 0.056 0.047 

p - value 

R 

vs. 

L 

0.271 

Conve

x 

vs. 

Concav

e 

0.064 NA 0.049 NA 0.066 NA NA NA 

Abbreviations: mcsEMG – muscle maximal contraction surface electromyography recordings; FI - frequency 

index (3-0)—frequency of motor units action potentials recruitment during maximal contraction (3—95–

70Hz—normal; 2—65–40Hz—moderate abnormality; 1—35–10Hz—severe abnormality; 0—no contraction); 

ENG – electroneurography recordings; TMS - transcranial magnetic stimulation; MEP – muscle recorded 

motor evoked potential; NA – non-applicable; p ≤ 0.05 determines significant statistical differences marked in 

bold. 
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Figure 2. Examples of mcsEMG (a), ENG (b), and MEPs (c) recordings performed on the right and left 

side in three periods of observation (A, T0 - 1 day before surgery; B, T1 - 1 week after surgery; C, T2 - 

six months after surgery) in one of the IS patient. Control recordings from one of the healthy 

volunteers are shown in the right part of the figure for comparison. Back view of the Lenke 1 IS patient 

body silhouette and X-rays in A and B present the diminishing of the lateral spine curvature from 60 

to 9 degrees of Cobb's angle, respectively. Calibrations bars for amplification (vertical) and time base 

(horizontal) which have been set during neurophysiological recordings are shown in the right-upper 

corner of the figure. Abbreviations: mcsEMG – tibialis anterior muscle maximal contraction surface 

electromyography recording, ENG – peroneal nerve electroneurography recording, MEP – tibialis 

anterior muscle recorded motor evoked potential. 

 

Figure 3. Comparison of the amplitude values from mcsEMG (A), ENG (B), and MEPs (C) recordings 

performed on the convex (white bars) and the concave (grey bars) sides of the secondary, lumbar 

curvature in three periods of observation (T0-1 day before surgery, T1-1 week after surgery, T2-six 

months after surgery) in IS patients. 

4. Discussion 

The results of this study in patients treated surgically because of idiopathic scoliosis confirmed 

the previous findings [7], that transmission of the efferent neural impulses in the spinal cord tracts 

and within the fibers of the peripheral nervous system slightly improves immediately after surgical 

correction of scoliosis. Moreover, we have ascertained further normalization of the motor function 

together with the improvement of TA muscle motor unit recruitment after half a year from surgical 

treatment in IS patients, in which mcsEMG parameters can be comparable to the normal condition.  

Apart from revealing the improvement regarding biomechanical and aesthetic features of the 

spine following the applied surgeries for IS patients in clinical studies, the neurophysiological 

approach enables the investigation of the lateralization of the neurological motor deficits, which are 

gradually reduced postoperatively, showing almost no difference between the right and left sides in 

long-lasting observation. Although the test results referring to the efferent function evaluation 

presented in Table 2 are consistent and complementary, one can raise an objection that they have 

been presented in patients with IS representing different types of scoliotic curvature according to the 

classification of Lenke et al. [27], what might be one of this study limitations. The patients examined 

in this study mostly represented type 2, with the main right-sided curvature of the spine in the 

thoracic vertebrae, and to a lesser extent, the secondary one with an angle and opposite direction in 

the lumbar vertebrae, which is excessive in type 3 curvature. These cases are different from the type 

of scoliosis with an exclusively thoracic angle of curvature occurring in type 1. However, a greater 

decrease in the amplitude parameter and a slight increase of the latency parameter of MEPs recorded 

bilaterally from the TA muscle was observed similarly on the concave side of scoliosis, as well as 

changes in the conductivity of the roots of lumbar neuromeres with their consequences in the 

symptoms of neuropathy within the lower limb nerves on the same side. Nevertheless, the possible 
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variations in the pathology pattern which are reflected in the abnormalities found in the functional 

studies can only be explained by structural MRI studies. 

A possible explanation for the immediate improvement of the overall efferent conduction shown 

in the results of sEMG, ENG and MEP studies after IS spine surgery in T1 observation may be the 

restoration of normal anatomical and functional relationships of neural structures in the central canal 

of the deformed spine mainly through surgical procedures of distraction and derotation. This applies 

not only to axons in the lateral and ventral funiculi of the white matter but also in the spinal roots. 

This is clearly visible in the results of ENG tests showing symptoms of axonal damage in the motor 

fibers of the peroneal nerves (M-wave parameters abnormalities), recovering mainly on the concave 

side of scoliosis, as well as in tests of nerve impulse conduction in the ventral roots (decreased 

frequency of the recorded F-wave), which suggests that derotation and distraction may result in the 

restoration of normal relationships of the lumbar ventral roots in the central spinal canal, resembling 

their decompression. It can be assumed that another significant improvement in efferent conduction 

visible in the test results during the T2 observation period is the result of structural or more functional 

regeneration processes occurring in the spinal cord funiculi and/or the spinal ventral root structures. 

 The results of the presented study are unique and it is difficult to compare them with the results 

of similar studies presented by other authors, because they concern the functional assessment of 

patients after IS surgery in a long-term follow-up, and the results presented so far in this topic were 

postoperative X-ray evaluations. The comparison of the MEPs recording parameters in this study 

when recorded from the TA muscle with the reports of other authors provides different data [36, 37]. 

The only consistent comparison refers to the latency parameter presented by Lo et al. [38] and earlier 

by Edmonds et al. [39], but the mean parameter of amplitude at about 500 μV is far beyond the 

calculated in our MEPs recordings. Moreover, the data cited above come mainly from intraoperative 

neuromonitoring observations accompanying scoliosis correction, rather than diagnostic data 

recorded postoperatively.  

One might object to the use of the tibialis anterior muscle of the lower extremities for 

neurophysiological assessment instead of the paraspinal muscles, which better meet the criteria for 

functional assessment of the motor function in patients with IS because these muscles preoperatively 

show asymmetric activity of motor units [4]. However, it should be remembered that these muscles 

are surgically incised and retracted in the midline to expose the surgical field during the curvature 

correction, and comparison of their preoperative and postoperative function, especially in short-term 

follow-up, would be fraught with inevitable iatrogenic structural damage. Hence, MEP and sEMG 

recordings using the surface electrodes from the tibialis anterior muscle bilaterally are more and more 

widely used not only in pre-  and postoperative diagnostic purposes but also their activity has been 

proven to be precise enough for intraoperative monitoring [40, 41]. 

5. Conclusions 

The presented algorithm of the diagnostic proceeding pre-, early post-, and long-lasting 

postoperatively using mcsEMG, MEP, and ENG neurophysiological examinations can be significant 

not only in making the final decision regarding surgical treatment and its personalization but also 

helps in precise ascertaining its effects as well as in predicting the final result of IS treatment. 

A comprehensive preoperative radiological and neurological assessment supplemented with 

precise functional examinations, such as clinical neurophysiology tests, convinces the surgeon of the 

need to undertake the surgical treatment, and postoperatively, about the effectiveness of the 

treatment when the neurological symptoms retreat and the radiological assessment is satisfactory. 
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