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  Abstract 
The aim of this study was to quantitatively investigate the kinematics and ki-
netics characteristics of Charcot-Marie-Tooth patients, in order to extract mo-
tion model parameters and provide objective diagnostic criteria. Charcot- 
Marie-Tooth (CMT) is the most common disease among all neuropathies of 
the peripheral nervous system and leading to disturbances in walking and 
balance in the person.  For this purpose, the motion analysis approach was 
performed on a group of patients with CMT (N =5) and a control (healthy) 
group (N =5). By recording the spatial and temporal parameters of 
participant’s joints with QTM software, the appropriate non-linear models of 
motion were extracted. To the purpose of providing CMT diagnostic criteria, 
the coefficients of kinematic and kinematic model parameters were compared 
for the two sample groups. The results showed the highest decrease in the 
range of motion and angular velocity of the knee and ankle joints from healthy 
to patient samples, while no significant changes were observed for the hip 
joint. The changes in motion model parameters were mostly observed in 
directions y and x, while the maximum peripheral kinetic parameters were 
measured in the fore-heel for the patients compared to the healthy group. 
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1. Introduction 

CMT is a neurological and genetic-environmental heterogeneous disorder that affects one person in each 2,500 
individuals. According to this statistic, it afflicts 125,000 individuals in the United States [1]. CMT is the most 
common disease among all neuropathically disorders of the environmental nervous system [2, 3]. 

CMT is generated by mutations that cause defects in nerve proteins. Neural signals are produced by an axon with 
a myelin sheath wrapped around it. Most of the CMT mutations affect the myelin sheath, but some affect axon. The 
myelin sheath allows a faster signal transmission to neurons. When the myelin sheath is damaged, the nerve signal 
becomes slower; the electromyography or EMG can evaluate this procedure. However, a damaged axon reduces the 
potential for muscle activity. Jean-Martin Charcot (1825-1893), his pupil Pierre Marie (1940-1853) and Howard 
Henry Tooth, recognized this disease therefore; it is named after them [4, 5, 6]. 

CMT signs usually begin in childhood or adolescence, but some people do not experience symptoms until the 
age of 30 or 40. The first symptoms of CTM usually include disturbances in balance and carelessness. Patients af-
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flicted with CMT may experience abnormalities in the leg or hands such as curvature of the foot or atrophy of the 
hands [7]. These individuals usually have difficulty in bending and twisting the foot or walking on the heel. These 
disorders may generate taller footsteps and may increase the risk of ankle injury and stumbling [8].       

Symptoms and progression of CMT may vary in individuals; these include unwanted damages to the teeth, res-
piratory problems, and digestive system [9]. Majority of these patients often occupy more time in the localized 
phase during walking [10]. Increased Single support also plays a major in the movement of CMT patients. Follow-
ing symptoms are abundantly found in these individuals: small steps, the increased height of the feet during walk-
ing, the limitation of dorsiflexion and plantarflexion and the reduction of muscle strength regarding the dorsiflexors 
and pluton flexors [11, 12]. 

The biomechanical examination of motion in the detection lesions and gait diseases is very practical. The bio-
mechanical analysis of motion involves the study of kinematic and kinetic parameters in a static or dynamic state. 
With the help of kinematic parameters (velocity, acceleration, displacement) and kinetic parameters (force, pressure, 
torque), models of motion can be obtained [13, 14, 15].  

 The kinematics and kinetics motion analysis of patients with peripheral neuropathy have been done in the recent 
years in a variety of ways. A recent study was conducted on a large number of patients with peripheral neuropath 
investigating the kinetic and kinematic parameters of the patients [16]. A gait analysis study was also performed on 
25 subjects with peripheral neuropathy and 27 healthy subjects [17]. A decrease in the range of motion in the ankle 
joint of patients during flexion and extension was generally observed. The duration of support and the length of the 
gate cycle were seen to be higher in patients than healthy group. Foot pressure was found to increase in patients 
with neuropathy. 

The aim of this study was to quantitatively investigate the kinematic and kinetic parameters of Charcot Marie 
Tooth patients, in order to extract a motion model and provide standard criteria for diagnosis of the disease. Com-
parison of gait model parameters of patients with healthy group can determine the difference in the range of motion 
and can improve the diagnosis of motor disabilities. 

2. Materials and Methods 

2.1. Sampling 

The procedures conform to the international and institutional guidelines for the use of human in the experimenta-
tions. An informed consent was obtained for experimentations from all the participants. Motion analysis tests were 
performed on two groups of 5 samples; CMT patients and a control (healthy) group. Only five individuals’ patients 
were selected for CMT motor testing due to the same progressed degree of the disease. The entire patients suffered 
from neuropathy due to CMT and had no secondary complications such as lower limb operations, bone fracture or 
joint damage. A group of control (healthy) volunteers also participated in the motion tests. Age, height and weight 
and statistical population of the participants were also controlled (Table 1). 

Table 1. Baseline subjects’ characteristics for the two groups 

Healthy Individuals (N=5) Patients (N=5)  

5/0 5/0 Sex ratio (male / female) 

23 43.4 Avg. age 

180.8 184.4 Avg. height 

73 86.7 Avg. weight 

2.2. Laboratory Experiments 

The lab was equipped with eight Q5+ 200Hz cameras with 1mm precision and 4 mega pixel picture quality in 
this lab. All the equipments were fully calibrated prior to beginning the motion tests. The movement course was 
considered about 10 meters that was covered with tatami flooring. Also, two force plates were in the middle of the 
course. The kinetic and kinematic characteristics of the individuals were recorded simultaneously with the cameras. 
The course length and test conditions considered identical for the patients and control group. We utilized some sort 
of special clothing for the movement test (Figure 1). These fabrics were designed to be tight and able to provide 
perfect marker stability when placing markers on joints, since movement of markers during the test augments the 
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probability of noise and error in the results. We used fourteen-point markers and installed them on the ankle, knee, 
shoulder, hip, heel, forehead and seventh neck joint for starting the test (Figure 2). 

                   
Figure 1. MOCAP clothes used in the motion test.     Figure 2. A view of marker placement on the joints of the body. 

The gait speed was equivalent to the average speed of their daily routine as well. By applying a particular speed 
for a motion test, the motion pattern of patients would be altered unintentionally [18]. Each participant moved 
through the entire path for five times. After finishing the tests, the best cycle was selected for each sample. The tests 
were recorded by eight synchronized cameras which were placed at the corners of the lab (Figure 3). Camera posi-
tions were intended to monitor and cover all the anatomical plates of the person while on the move. 

The position-time and force-time data of each marker were accurately recorded at any moment along the course 
of examination. The cameras captured kinematic characteristics by recording momentarily the position of the joints 
during the movement of individuals. The force plates also recorded kinetic characteristics simultaneously by re-
cording the strength of soles. All kinetic and kinematic characteristics were recorded in three x, y and z directions. 

The motion characteristics were recorded by simulating joints using the Qualisys Tracker Manager (QTM) soft-
ware. In this software, the positive axis of X marked the forward movement, the positive axis of Y marked the 
medial transverse direction and the positive axis of Z marked the upward movement and perpendicular to the 
ground (Figure 4). At some points during the examination, the markers were hidden from the camera’s viewpoint 
and the characteristics were not recorded in the needed fraction of the time; therefore, after accomplishment of test 
and registering the characteristics, a health ensuring process was applied to them. As a result, among all five ex-
aminations performed for each individual, one of them was selected as the healthiest sample. 

 
Figure 3. An illustration of Q5+ Camera used in the lab. 



A. Mehrpouya et al. 
 

 

DOI: 10.26855/ijcemr.2022.01.013 77 International Journal of Clinical and Experimental Medicine Research 
 

 
Figure 4. Joints Stimulation in QTM software. 

2.3. Data Processing 

The data was imported into Excel 2016 software. The Excel interface enabled us to monitor the data concerning 
each joint in separate time unit. Therefore, the best possible gait cycle of each participant was selected for further 
study. Data was exported to the MATLAB R2018a software environment to achieve descriptive models for the mo-
tion of individuals. 

Using MATLAB software, the appropriate non-linear models fitted to the motion patterns accordingly. By assign-
ing spatial-temporal variables of each of the joints separately, the proper functions for defining the motion models 
were extracted. Increasing the degree of functions led to enhanced accuracy of the fits. Fourier and Gaussian func-
tions were selected as the best models for defining kinematic and kinetic characteristics, respectively (Equations 1 
and 2). 

Y = a0+a1*cos(x*w) +b1*sin(x*w)                            (1) 
Y = a1*exp -((x-b1)/c1)2                                 (2) 

Three main coefficients in the Fourier functions including w (angular velocity), a1 and b1 (weight coefficients) 
were considered for kinematic analysis in both control and patient groups. Similarly, Gaussian functions coeffi-
cients a1 (range of Gaussian function), b1 (center location peak) and c1 (standard deviation) considered for kinetic 
analysis.  

A coefficient of determination R2 was considered for the acceptance of the models fitted. It modifies the ability 
of the models to predict the experimental results. The minimum R2 = 0.9 was considered for the acceptance of the 
models fitted to the two sample groups. Independent sample T-test, using SPSS statistics 18 software, was imple-
mented to study the significance of the model parameters for the kinematics and kinetics changes between two 
sample groups. A P-value of less than 0.05 was considered as significant statistical difference [19, 20, 21].  

3. Results 

In following tables, standard deviations of the kinematic and kinetic characteristics as the mean coefficients and 
standard deviations of each significant model parameters for both patients and the control group were presented. 
The results of significant statistical differences between the angular velocity of the two sample groups in the speci-
fied markers were presented in three directions x, y and z (Table 2). 
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The results of significant statistical differences between the kinetic characteristics (coefficient a1) of the two 
sample groups in the specified markers were presented in three directions x, y and z (Table 3). 

The results of significant statistical differences between the kinetic characteristics (coefficient b1) of the two 
sample groups in the specified markers were presented in three directions x, y and z (Table 4). 

The results of significant statistical differences between the kinetic characteristics (coefficient c1) of the two 
sample groups in the specified markers were presented in three directions x, y and z (Table 5). 

Table 2. The statistical results of the angular velocity (w) 

P-value Patients SD Control SD Patient group Mean parameters Control group Mean parameters Characteristics 
Joints 

0.007 0.2 0.51 0.3136 1.0807 Left Ankle (x) 

0.015 0.27 0.5 0.4316 1.1006 Right Ankle (x) 

0.05 0.42 0.39 0.6574 1.1342 Left Knee (x) 

0.04 0.42 0.27 0.5938 1.0454 Right Knee (x) 

0.01 0.22 0.56 0.3313 1.1081 Right Foot Thumb (x) 

0.02 0.38 0.47 0.7856 1.3530 Left Knee (y) 

0.01 0.46 0.25 0.8615 1.5132 Right Knee (y) 

0.01 0.31 0.43 0.6961 1.4020 Left Ankle (y) 

0.01 0.38 0.5 0.7016 1.4382 Left Heel (y) 

0.03 0.31 0.43 0.8801 1.3765 Right Heel (y) 

0.01 0.4 0.47 0.7391 1.4326 Left Foot Thumb (y) 

Table 3. The Statistical Results of Coefficient a1 

P-value Patients SD Control SD Patient group Mean parameters Control group Mean parameters Characteristics 
Joints 

0.03 67.14 33.04 -55.7 14.23 Right Heel (y) 

0.04 17.56 11.67 6.10 -12.38 Left Foot Thumb (z) 

Table 4. The Statistical Results of Coefficient b1 

Characteristics 
Joints Control group Mean parameters Patient group Mean parameters Control SD Patients SD P-value 

Left Foot Force (x) 3.1224 6.1150 1.58 3.37 0.05 

Right Foot Force (x) 2.6879 5.3114 1.55 2.55 0.04 

Left Foot Force (y) 3.0313 6.4186 1.62 3.38 0.03 

Right Foot Force (y) 2.9404 5.5176 1.63 2.66 0.05 

Left Foot Force (z) 2.6753 6.2946 2.04 3.41 0.03 

Table 5. The Statistical Results of Coefficient c1 

P-value Patients SD Control SD Patient group Mean parameters Control group Mean parameters Characteristics 
Joint 

0.02 0.034 0.053 0.0409 0.1019 Left sole Force (x) 

0.04 0.014 0.033 0.0284 0.0589 Right sole Force (x) 

4. Discussion 

Although treadmill was not used in this study, the results were comparable to the results of the same work [16, 
17]. Increasing duration of the gate cycle and support in patients were similar to previous studies. Also, a decrease 
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in the range of motion of ankle joint in patients with neuropathy was observed. However, no increase in foot pres-
sure was seen in patients. 

We identified the motor constraints for the CMT group with a generalized summary of the presented tables and 
outcomes. The a1 coefficient representing the kinematics motion range of joints, had a significant variation in the 
right heel and left foot thumb. The progressive considerable enhancement of a1 coefficient of heel from control 
group to the patients indicated the growth of range of motion in the CMT patients. Vibrations in the lower limbs 
and organs adjacent to ground might led to distortion of the heel in the lateral direction of CMT patients. 

The increased range of motion in the z axis was significant in the feet thumb. The negative mean value in the 
control group was due to pressing the feet thumb to the ground while taking steps. The positive sign of the average 
of a1 coefficient represented an increased upward motion of the thumb in the patients group. This phenomenon was 
caused by sudden thumb jerks in the patients. The increased SD values of a1 coefficient in thumb and heel joints 
showed the data dispersion in patients due to abnormal steps. 

The angular velocity was observed to have the most significant changes for CMT patients in direction x and y 
axis. The angular velocity value was generally reduced from the control group to patients. Therefore, the knee and 
the ankle joints suffered the most angular velocity changes. The main reason for significant angular velocity reduc-
tion in knee and ankle joints was due to the foot drop that actually disrupts the order of the cycle gate. Patient’s ina-
bility in dorsi-flexion and plantar-flexion of the ankle joint during walking had a significant effect on the angular 
velocity in the joint. The y axis endured the most significant decrease in angular velocity of the heel joint. The hip 
joint lacked any significant variation and regarded as the least changeable joint under the influence of the disease. 
While most of the changes seen in y and x axes, no significant changes observed in the z axis from the healthy to 
the patient group. Musculoskeletal analysis of the lower extremities in the stance phase, is a clear indication of sig-
nificant changes in the x and y axes. 

The kinetics analysis suggested a significant increase in the b1 coefficient from the control group to the patient 
group. In the stance phase of control group, the stages of heel contact and Toe off were performed regularly. In 
CMT patients the maximum force of the soles was not generated in the heels and transmitted forward, due to sud-
den pounding of the soles to the ground. This phenomenon could justify the significant increase of the b1 coeffi-
cient. 

Subtractive changes of c1 coefficient in the patient group indicated a significant reduction in the data variations 
and the uncontrolled distribution of forces in soles of CMT patients. The lack of regular Heel contact and Toe off in 
CMT patients could limit the range of sole forces compared to the control group. The maximum force variation was 
observed along the x axis, which was related to the application of sole forces to the front and back directions. In 
fact, the ankle relaxation can be a limiting factor for the force exertion in x direction. 

Unfortunately, the limited access to CMT patients prevented us from creating a larger statistical population. 
Though, the results were somehow comparable to the achievements of the relevant previous studies, a larger statis-
tical population could provide more reliable results. In addition, due to the limited number of available patients, the 
high age differences between the diseased and control groups could not be neglected. 

5. Conclusion 

Due to the ankle range of motion in CMT disease, the patients had limited movements in the ankle flexion and 
extension. These limitations had the greatest impact in x and y directions. Angular velocity was significantly re-
duced under the influence of disease. The wide range of foot forces in the control group was not observed in pa-
tients. Also, the maximum foot force of the patients was measured in the fore-heel when taking a new step. There-
fore, CMT motion models were extracted to establish objective diagnostic criteria. 
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Clinical Relevance 

1) The kinematics and kinetics characteristics of Charcot Marie Tooth patients were investigated using motion 
analysis tests. 

2) The CMT motion model parameters were extracted and compared with a control group. 
3) CMT motion models were extracted to establish objective diagnostic criteria. 
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