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The root mean square (RMS) of the surface electromyography (sEMG) signal can respond to neuromuscular function, which displays a positive correlation with muscle force and muscle tension under positive and passive conditions, respectively. The purpose of this study was to investigate the changes in muscle force and tension after multilevel surgical treatments, functional selective posterior rhizotomy (FSPR) and tibial anterior muscle transfer surgery, and evaluate their clinical effect in children with spastic cerebral palsy (SCP) during walking. Children with diplegia (n = 13) and hemiplegia (n = 3) with ages from 4 to 18 years participated in this study. They were requested to walk barefoot at a self-selected speed on a 15-m-long lane. The patient's joints' range of motion (ROM) and sEMG signal of six major muscles were assessed before and after the multilevel surgeries. The gait cycle was divided into seven phases, and muscle activation state can be divided into positive and passive conditions during gait cycle. For each phase, the RMS of the sEMG signal amplitude was calculated and also normalized by a linear envelope (10-ms running RMS window). The muscle tension of the gastrocnemius decreased significantly during the loading response, initial swing, and terminal swing (p < 0.05), which helped the knee joint to get the maximum extension when the heel is on the ground and made the heel land smoothly. The muscle force of the gastrocnemius increased significantly (p < 0.05) during the mid-stance, terminal stance, and pre-swing, which could generate the driving force for the human body to move forward. The muscle tension of the biceps femoris and semitendinosus decreased significantly (p < 0.05) during the terminal stance, pre-swing, and initial swing. The decreased muscle tension could relieve the burden of the knee flexion when the knee joint was passively flexed. At the terminal swing, the muscle force of the tibial anterior increased significantly (p < 0.05), which could improve the ankle dorsiflexion ability and prevent foot drop and push forward. Thus, the neuromuscular function of cerebral palsy during walking can be evaluated by the muscle activation state and the RMS of the sEMG signal, which showed that multilevel surgical treatments are feasible and effective to treat SCP.
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INTRODUCTION

Cerebral palsy (CP) refers to a group of persistent motor and postural developmental disorder syndrome that leads to restricted mobility, which is caused by non-progressive brain damage to the developing fetus or infant (Bell et al., 2002). Spastic cerebral palsy (SCP) is the most common type of CP, accounting for ~60–70% of all children with CP. SCP represents a series of neurofunctional disorders, involving joint stiffness, decreased physical activity, tendon hyperreflexia, strong flexor reflex, and strong resistance when muscle is passively stretched (Gage and Novacheck, 2001). Many studies have shown that the gait cycle of patients with SCP presented an abnormal pattern (Winters et al., 1987; Perry and Davids, 1992; Crenna, 1998). Information on different gait patterns could improve early treatment in children with bilateral CP before abnormal gait patterns are fully established (Domagalska–Szopa and Szopa, 2019). Abnormal gait not only affects the patient's joints but also modifies muscle activity and activation patterns (Patikas et al., 2005).

Significant progress has been made in the treatments for CP, especially SCP. To date, the clinical methods for treating SCP mainly include functional training, surgical treatment, physical therapy, acupuncture and massage, and drug therapy (Chin et al., 2020). Comparing these methods, surgical treatment is a very efficient method for patients with severe movement disorders (Buddhdev et al., 2017). The key purpose of surgery is to adjust muscle tension and balance muscle force. In order to adjust the muscle tension of the patient, neurosurgery is mainly performed on the patient such as selective posterior rhizotomy (SPR), which uses an electrophysiological equipment to monitor the electromyogram of multiple muscles of the limbs during the operation and choose continuous recording of somatosensory evoked potentials as an objective basis for the proportion of surgical resection (Turner, 2009). Thus, the muscle tension of the patients can be adjusted fully (Graham et al., 2016; Qijia et al., 2019). In recent years, functional selective posterior rhizotomy (FSPR) has been developed on the basis of SPR. The treatment technologies have risen from the anatomical level to the functional level, and it can regulate muscle tension more effectively. Orthopedic surgery is generally used to balance muscle force. Kapti (2014) utilized the posterior tibial muscle transfer method to treat foot drop, and Fox et al. (2009) solved knee stiffness by rectus femoris transfer surgery. Some studies showed that tibial anterior muscle transfer can treat clubfoot (El-Fadl and Mahmoud, 2013; El Batti et al., 2016; Agarwal et al., 2020a). In general, surgeons perform compound surgeries on patients for some specific malfunctions to adjust muscle tension and balance muscle force. With the increasing number of treatment options, the evaluation of surgical effect has become a very important work.

The surface electromyography (sEMG) signal has been proven to be a reliable reflection of the muscles in the gait of patients with CP (Granata et al., 2005; Patikas et al., 2005; Nardo et al., 2019; Parent et al., 2019). sEMG signal is important in clinical evaluation and rehabilitation medicine with specific focus on neurorehabilitation (Campanini et al., 2020; Cappellini et al., 2020). In recent years, there have been more and more researches focused on the change of sEMG signals for patients with CP after surgical treatments. Some studies have demonstrated that surgery can affect sEMG signals of patients with CP (Patikas et al., 2007). It was proven that the semitendinosus activation timing was delayed and the burst duration of the vastus lateralis was decreased after surgery (Buurke et al., 2004). Lauer et al. (2007) have also proven time–frequency changes of the sEMG signal after hamstring lengthening in children with CP. Wang et al. (2011) reported that EMG signals have changed significantly after selective femoral neurotomy, which deduced that surgery could reduce the muscle tension of the quadriceps muscle. These studies suggested that muscle tension could be reflected by the root mean square (RMS) of sEMG signal. At the same time, studies have shown that the RMS of the sEMG signal is a reliable parameter (Farina et al., 2004) and displayed a positive correlation with muscle force and muscle tension under positive and passive conditions (Onishi et al., 2000). In a complete gait cycle, the activation states of sEMG signals in different subphases are varied (Perc, 2005). However, there are few studies on the muscle force and muscle tension of patients with CP during walking.

In this study, we analyzed the treatment of patients undergoing both FSPR and tibial anterior muscle transfer surgeries. The overall aim of this article was to evaluate the neuromuscular function of CP during walking by the muscle activation state and the RMS of the sEMG signal. By analyzing the changes of the RMS in each subphase, the outcome showed that the patient's muscle force increased and muscle tension decreased after multilevel surgeries. It implies that the neuromuscular function has been improved greatly.



METHODS


Subjects

Sixteen patients with CP who underwent orthopedic surgery from July 2019 to May 2020 were enrolled in this study. These subjects consisted of 13 cases of diplegia and three cases of hemiplegia in 10 male patients and six female patients, aged 4–17 years (mean age, 9.8 ± 5.0 years). The clinical data of examined patients are shown in Table 1. The muscle tension of the knee and ankle joints on the sagittal plane was tested separately by the Modified Ashworth Scale (MAS). The higher the grade, the higher the abnormal muscle tension in children with CP, and grade 0 represents normal muscle tension. In the clinic, doctors use the Manual Muscle Testing (MMT) to detect the muscle force level of patients. Level 5 is the highest level and represents normal muscle force. As the level decreases, the muscle force decreases. The main manifestations of patients were crouching gait and jumping gait. These two symptoms are specifically manifested as abnormal knee flexion, limited ankle dorsiflexion, and foot varus during walking. No subject had received any treatment (surgery, orthopedics, or Botox injection) before the test, and all were able to walk independently without assistance.


Table 1. Demographic and clinical data of the patients.
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Procedure and Instruments

All patients were carried out to collect kinetic parameters and sEMG signals during a gait cycle. The Motion Analysis (NORAXON Inc., Scottsdale, AZ, USA) including Myomotion and Myomuscle module was used to synchronously collect dynamic joint angle and sEMG signals, respectively. The sample frequency of the Myomuscle module is 1,500 Hz. All sensors are wireless, which are simple and light to wear and reduce the impact on the original gait of patients. The electrode pads have been applied over the respective muscles with an interelectrode distance of 2 cm. The direction of these two test electrodes was parallel to the direction of the long axis of the test muscle fiber, and then the corresponding sensors were fixed (Figure 1). After all subjects have put on the equipment, they first perform short exercises to adapt to their own walking rhythm. When the test started officially, the subjects were asked to walk barefoot at a self-selected speed on a 15-m-long lane.


[image: Figure 1]
FIGURE 1. The sensors setup of surface electromyography (sEMG) signal and kinetic parameters collection.


Kinematic parameters were recorded in the sagittal, coronal, and transverse planes for the hip, knee, and ankle to document the preoperative and postoperative status of the patients. For reasons of simplicity, the presentations of the kinematic parameters were focused on the hip and knee joint on the sagittal plane and the ankle joint on the sagittal plane and the coronal plane. The sEMG signals of some muscles were simultaneously recorded. Six muscles were selected as representatives for the knee and ankle. The measured muscles included thigh muscles: rectus femoris, biceps femoris, semitendinosus; and calf muscles: tibialis anterior, lateral gastrocnemius, and medial gastrocnemius.



Signal Analysis

For each of the following subphases of a gait cycle: loading response, mid-stance, terminal stance, pre-swing, initial swing, mid-swing, and terminal swing, the averaging of all strides for each side, the sEMG signal, and joint angles were calculated separately. In order to reduce the measurement error, six gait cycles for each dependent variable and condition were calculated. The definition of these subphases was made according to the foot strike and foot off of both feet (Perry and Davids, 1992). The kinematics data of the knee and ankle joints were analyzed mainly in order to analyze the surgical effects of the crouching gait and clubfoot. The crouching gait of the knee joint and the clubfoot were reflected mainly in the knee angle of the sagittal plane and the ankle angle of the sagittal plane and coronal plane, respectively.

The raw sEMG signal data were band-pass filtered using a Butterworth filter between 10 and 500 Hz to remove non-EMG artifacts. We also applied a 50-Hz notch filter to remove the power line interference (Daly et al., 2019). The sEMG signal amplitude is affected by several other factors; to adjust for this variability and allow comparison between participants, the sEMG signal is usually normalized to a standard value, usually the peak value of the sEMG signal obtained during the maximum voluntary isometric contraction (MVIC). But for the children with CP, it may be difficult to perform MVIC because it is a challenge to automatically generate the MVIC. In this case, it is considered a feasible and appropriate method to normalize the sEMG signal obtained in a specific task (such as walking) to the peak value. For each percentage of all sEMG signal channels and gait periods, the RMS of the sEMG signal was calculated with a 10-ms running window. For each sEMG signal channel, the highest RMS value (peak RMS) was obtained and used for normalization (Gagnat et al., 2020). The procedure of sEMG signal data processing is shown in Figure 2.


[image: Figure 2]
FIGURE 2. Processing procedure of the surface electromyography (sEMG) signal data analysis.


Normal sEMG signal patterns for the major muscles in the lower extremities were plotted as a function of the gait cycle (Perc, 2005), which are shown in Figure 3. In this study, the patient's gait cycle was divided into seven subphases, and the state of the muscle was defined according to Figure 3. As shown by the red horizontal bars, the muscles contract and produce muscle force to maintain a normal gait. Muscles are thought to contract because they are activated by nervous system stimulation. So the red horizontal bars in Figure 3 indicate that the selected muscles are active during the gait cycle. In other parts during a gait cycle, the stretched muscles are passive and produce muscle tension. The RMS is used to describe the average change characteristics of sEMG signals over a period of time and refers to the RMS value of all amplitudes in this period of time. The RMS of the sEMG signals can respond to the neuromuscular function, which displays a positive correlation with muscle force and muscle tension under positive and passive conditions, respectively (Wang et al., 2011). As shown by the red horizontal bars, the RMS of the sEMG signal is proportional to muscle force. In other parts, the RMS of the sEMG signal is proportional to muscle tension.


[image: Figure 3]
FIGURE 3. Normal electromyography (EMG) patterns for six of the major muscles in the lower extremities plotted as a function of the gait cycle. An EMG illustration showing the timing (red horizontal bars) and relative intensity (light brown shading) of muscle activation during walking.




Statistical Analysis

The joint angle and the RMS of the sEMG signals were analyzed in this study, and paired t-test was used to analyze the data before and after the surgeries. All data are expressed as mean value and standard deviation of the mean (SD). The level of significance was set at p < 0.05, and the 95% confidence intervals (95% CIs) were calculated. The statistical analysis was performed using the SPSS Version 24 software (The Apache Software Foundation, IL, USA).




RESULTS


Kinematics

The ranges of motion (ROMs) on the sagittal plane before and after the multilevel surgeries were displayed and compared in Table 2. The results indicated that the ankle ROM increased significantly after the multilevel surgeries. The ankle joint angle was more plantar flexed during the whole gait cycle.


Table 2. The range of motion (ROM) on the sagittal plane before and after the multilevel surgeries.
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The kinematic parameters showed an overall improvement after surgery for the joint angles of the knee and ankle, as shown in Figure 4. Compared with those of pre-surgery, the knee flexion angle decreased significantly during the loading response (p < 0.05). The average knee flexion angle decreased from 20.1° to 18.3° in the whole gait cycle, and the overall knee flexion angle decreased. In the sagittal plane, the angle of ankle dorsiflexion increased significantly during the swing phase (p < 0.05). In terms of the ankle, the maximum dorsiflexion angle changed from 4.9° to 8.2°, and the maximum plantar flexion angle decreased from 16.5° to 8.3° in the whole gait cycle. On the coronal plane, the joint changed from the original valgus to varus during the loading response. The valgus angle became larger at the terminal stance, and the varus angle decreased significantly during the mid-swing phase.


[image: Figure 4]
FIGURE 4. Kinematic curves of ankle and knee pre- and post-operation. Dashed lines show the standard deviation. Asterisks indicate the significant difference between the pre-surgery and post-surgery.




Electromyogram

The sEMG-RMS values of the main thigh muscles before and after the surgery are presented in Figure 5A. The RMS of the rectus femoris muscle decreased significantly at the initial swing phase (p = 0.005). The RMS of the biceps femoris muscle decreased significantly during the terminal stance (p = 0.011), pre-swing (p = 0.01), and the initial swing phase (p < 0.001). We also observed a statistically significant decrease during the terminal swing (p = 0.02). The difference between several subphases was that the biceps femoris should be active during the terminal swing. The RMS of the semitendinosus muscle decreased significantly during the terminal stance (p = 0.016) and pre-swing (p = 0.002).


[image: Figure 5]
FIGURE 5. (A) Root mean square (RMS) values for the rectus femoris, biceps femoris, and semitendinosus surface electromyography (sEMG) signal pre- and post-surgery. Vertical lines represent 1 SD of the mean, and asterisks indicate the significant difference between the pre-surgery and post-surgery. (B) RMS values for the subjects of the tibialis anterior, lateral gastrocnemius, and medial gastrocnemius sEMG signal pre- and post-surgery. Vertical lines represent 1 SD of the mean, and asterisks indicate the significant difference between pre-surgery and post-surgery.


The sEMG-RMS values of the tibialis anterior, lateral gastrocnemius, and medial gastrocnemius muscles in the gait cycle before and after the surgeries are compared and illustrated in Figure 5B. Results revealed that the RMS of the tibial anterior muscle was significantly higher after the surgery than before during terminal swing (p = 0.003). In addition, the RMS of the lateral gastrocnemius muscle was significantly higher pre-surgery during mid-stance (p = 0.001) and terminal stance (p = 0.034); in contrast, it became significantly lower compared to before surgery during the initial swing (p = 0.028) and terminal swing (p < 0.001). The medial gastrocnemius muscle showed significant improvement compared to that of pre-surgery during mid-stance (p = 0.005) and pre-swing (p = 0.019); nevertheless, the RMS significantly decreased during the loading response (p = 0.009) and terminal swing (p = 0.021).

Based on Figure 3, the sEMG-RMS changes of muscle activities were transferred to the adjustments of muscle tension and force before and after the surgery during the gait cycle, displayed on Table 3. For the thigh muscles, the changes in the flexors were greater than the extensors. For the calf muscles, the changes in the plantar flexors were greater than those in the dorsiflexors. These showed that the changes in the muscles of the posterior side of the lower limbs are greater than those of the anterior side. It can be seen that muscle tension decreased, and some muscle forces increased after the surgery for most muscles. The muscle tension of the biceps femoris and semitendinosus muscles was reduced at the terminal stance, pre–swing, and initial swing. The medial gastrocnemius muscle tension during the loading response and terminal swing was significantly reduced. The lateral gastrocnemius muscle tension during the initial and terminal swing was significantly reduced. But the eccentric contraction muscle force of the gastrocnemius muscles increased in the stance phase. At the terminal swing, the force of the tibial anterior muscle improved. On the contrary, the muscle force of the rectus femoris and biceps femoris was reduced during the initial swing and terminal swing, respectively.


Table 3. The change of muscle function before and after the multilevel surgeries.
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DISCUSSION

The realization of every movement depends on the nervous system to regulate the coordinated activities of related muscle groups so as to complete a normal gait when walking (Lieber, 2002). Patients with neurological diseases also have obstacles in their muscle co-contraction function (Banks et al., 2017; Zhixian et al., 2018). Patikas et al. (2007) proved that the sEMG signal changed after multilevel surgeries during walking, but they did not explain the changes in neuromuscular function. The RMS of the sEMG signal in the passive state proved that the muscle tension decreased after selective femoral neurotomy, but we could not know the change of neuromuscular function during walking (Wang et al., 2011). Taking into consideration normal sEMG signal patterns for the major muscle, the muscles can be divided into passive and active movements (Perc, 2005). By studying the change of the RMS of the sEMG signal, we found that muscle force increased and muscle tension decreased. This study proves that sEMG signals can be used to evaluate neuromuscular function during walking.

The changes of muscle force and tension after multilevel surgeries had a good effect in children with CP. During the loading response, the gastrocnemius muscle tension at initial contact may result in a stretch reflex response. The tensed gastrocnemius muscle does not allow the knee to fully extend during the initial contact (Hullin et al., 1996). The gastrocnemius muscle tension during the loading response was significantly reduced from Table 3, which helped the knee joint to get the maximum extension when the heel is on the ground. In the stance phase, the eccentric contraction muscle force of the gastrocnemius muscles increased, which could control the calf leaning forward, and generated the driving force for the human body to move forward. Coupled with the increase in ankle dorsiflexion, it helped to increase the power of the plantar flexors, which was very important for the body to move forward (Winter, 1983). The muscle tension of the biceps femoris and semitendinosus muscles is reduced. At this time, the knee joint was passively flexed and the lowered knee flexor muscle tension can relieve the burden of the patient's knee flexion on the knee joint (Nardo et al., 2017). In the swing phase, the muscle tension of the gastrocnemius muscles was reduced, which was conducive to the ankle joint from plantar flexion to dorsiflexion, so the patient's ankle dorsiflexion was improved. The reduced gastrocnemius muscle tension could also make the leg swing from fast to slow to make the heel land smoothly. At the terminal swing, the increase of tibial anterior muscle force could improve the ankle dorsiflexion ability, prevent foot drop, and push forward (Agarwal et al., 2020a). Unfortunately, the muscle force of the rectus femoris and biceps femoris was reduced during the initial swing and terminal swing, respectively. Biceps femoris muscle force can help to coordinate with the coordinated contraction of the rectus femoris to slow down the forward swinging calf and prepare for the heel landing, but the eccentric contraction muscle force decreased, which was not conducive to the recovery of normal gait posture for children with CP.

Children with CP mainly manifested as crouching gait and clubfoot. The crouching gait is specifically manifested that the knee flexion angle is too large, and the patient cannot walk upright. Long-term crouching posture could lead to knee cartilage degradation and joint pain (O'Sullivan et al., 2020). The outcomes of this study demonstrated that the knee flexion deformity of the patient had improved after surgery. Clubfoot is clinically manifested as restricted ankle dorsiflexion ability and foot varus. Flaccidity of foot and foot varus could cause the sole of the foot not to effectively touch the ground, and the body center is unable to move forward effectively, which resulted in walking dysfunction (Agarwal et al., 2020b). Through surgery, the patient's ankle dorsiflexion had been greatly improved. On the coronal plane, the condition of the foot varus was also relieved. It was worth mentioning that during the loading response, the foot changed from varus to valgus, which was exactly in line with the law of normal gait. The normal subtalar joint movement of the human body during the stance phase is: a slight supination in the early and middle stages, then pronation rapidly, and supination again in the middle and late stages (Neumann, 2010).



CONCLUSION

This article presented the assessments of multilevel surgical treatment effects in children with SCP by investigating the changes in sEMG signal patterns pre- and post-surgeries. By extracting the RMS of the sEMG signal and muscle activation state, the change of the RMS is transformed into the change of muscle force and muscle tension. After multilevel surgeries, for calf muscles, the muscle force increased and muscle tension decreased. Both the muscle force and muscle tension of thigh muscle decreased. This reduced muscle force could be compensated for by rehabilitation training. In conclusion, this is consistent with the operation principle that FSPR can reduce the muscle tension of the lower limb muscles, and the tibial anterior muscle transfer surgery is thought to balance the muscle force of the calf muscles. Therefore, the findings of the present study support that the RMS of the sEMG signal can describe neuromuscular function of the patients during walking, and the multilevel surgeries are feasible and effective to treat SCP.

In this study, we employed the muscle activation state during the walking cycle to establish the relationship between the RMS of the sEMG signal and muscle force and tension. Because the muscle activation states of CP are different from those of normal people, our subsequent work will focus on the muscle activation state of children with CP during walking. By dividing the muscle activation state of children with CP, the expected findings of future studies would be more meaningful and quantitative to the surgical treatments for CP.
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Modified Ashworth Scale (MAS) Manual Muscle Testing (MMT)

D Involved side Age (years) KE KF AD AP Qua Ham Tib Gas
1 Right 6-18 3 2 3 2 3 3 2 2
2 Right 3-6 2 2 3 2 3 3 3 3
3 Right 6-18 2 2 3 2 3 3 2 2
4 Both 6-18 3 2 3 2 3 3 2 2
5 Both 6-18 2 2 3 2 3 3 3 3
6 Both 6-18 2 -4 3 2 4 4 4 4
7 Both 6-18 2 2 3 2 4 3 3 3
8 Both 3-6 1 1 3 1 4 3 3 3
9 Both 3-6 2 2 3 2 4 4 3 3
10 Both 3-6 2 2 3 5 4 3 3 3
1 Both 6-18 2 2 3 2 3 3 2 2
12 Both 3-6 2 2 3 2 4 3 3 3
13 Both 6-18 2 2 1 2 4 3 3 3
14 Both 6-18 1 1 3 1 4 3 4 4
15 Both 3-6 2 & 3 2 4 3 3 3
16 Both 6-18 2 2 3 2 4 4 4 4

KE, knee extension; KF, knee flexion; AD, ankle dorsiflexion; AP ankle plantar flexion; Qua, quadriceps femoris; Ham, hamstring; Tib, tibialis anterior; Gas, gastrocnemius.





OPS/images/fnins-15-680645-g003.gif
e

=

[ ey o)

rsions

Rectus femoris ! ' ' ' I






OPS/images/fnins-15-680645-g004.gif





OPS/images/fnins-15-680645-t002.jpg
ROM Pre-operation (Deg.) Post-operation (Deg.)

Hip 4533 +4.5 50.79 £ 7.0
Knee 48.32 8.8 4766+ 123
Ankle* 2332 +42 2021+6.8

*Significant difference between the pre-surgery and post-surgery.
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