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Abstract 
 
Gait analysis using 3D motion capture systems provides joint kinematic and kinetic analysis results such as joint relative angles and 

moments that can be use used to evaluate the degrees of pathological gait patterns. However, the complex data produced using these 3D 
motion capture systems can only analyzed by experts, because the gait analysis is highly coupled to the kinematics of each joint. There-
fore, severalSeveral previous studies using gait analysis have relied on the data compression technique to represent gait deviation from 
the average normal profiles as a single value. Even though it is important to evaluate gait pathologies at the joint level, all these previous 
studies have just used a single value to evaluate the pathological gait pattern. Using just one variable for evaluation of a gait is limited in 
terms of determining which joint movement patterns are getting better during rehabilitation. Therefore, in this study, a method suitable 
for evaluating gait deviation during a gait was developed to provide three indices for the hip, knee and ankle joints. In addition, to vali-
date the proposed method in clinical cases, experimental tests were conducted on thirty thirty-six normal walkers and six patients with 
cerebral palsy. Furthermore, to validate the proposed method in regards to rehabilitation, experimental tests were conducted on three 
classified walking groups with imposed ankle equinus constraints. The JNI for the hip joint, knee joint and ankle were 8.78 (±3.70), 2.92 
(±3.25) and 8.79 (±4.38), respectively, in the normal walking group. However, these values were significantly different for the pathologi-
cal walking group with cerebral palsy. The JNI of the hip joint, knee joint and ankle joint were 203.73 (±171.59), 81.23 (±52.13) and 
248.39 (±149.99), respectively, for this group. There were also differences between any two of the three classified groups with imposed 
ankle equinus constraints. In particular, the JNI of the ankle joint was statistically different at the p<0.01 level, and this parameter clearly 
increased as the degree of the imposed ankle equinus was increased. These results demonstrate that the proposed JNI can be used as a 
scalar factor to evaluate the angular deviation of each joint in normal and patient groups. In addition, this approach can be adapted to 
evaluate rehabilitation and pre/post surgery. 
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1. Introduction 

Observational gait analysis has long been used to evaluate 
the pathological gait pattern in patients with cerebral palsy. 
However, it is difficult to evaluate the pathological gait pattern 
just using observational techniques, since several internal fac-
tors are used for this analysis such as joint relative angles, 
forces, moments and power. Therefore, gait analysis based on 
a 3-D motion capture system has been widely used for quanti-
tative analysis of human gait [1-4]. Even though gait analysis 
using motion capture systems can provide important quantita-

tive information including joint kinematic and kinetic infor-
mation, gait analysis using this approach is too complex to be 
objectively interpreted. This complexity arises from the fact 
thatbecause the kinematic and kinetic results of each lower-
body joint are highly coupled; thus, objective evaluation of the 
degree of pathological gait still remains one of the most diffi-
cult problems in the field of clinical gait analysis. 

Therefore, several previous studies have focused on com-
paring only a limited number of specific gait characteristics 
[5-9] or obtaining reduced variables using multivariate statistic 
techniques [10] to evaluate gait pathologies more objectively 
[11-17]. In particular, these indices have been shown to be 
clinically meaningful indicators not only for a more general 
representation of a subject’s overall gait pathologies but also 
for more objective gait analysis. However, by only comparing 
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a limited number of specific gait characteristics, the highly 
coupled kinematic and kinetic results of each lower-body joint 
are ignored.  

In regards to the gait indexing technique, Schutte et al. [13] 
applied principal component analysis (PCA) to calculate the 
proposed gait normalcy index (NI) with 16 discrete gait vari-
ables and Romei et al. [17] and Assi et al [18] used the NI to 
verify the reliability and to ascertain the usefulness of this 
method under different experimental conditions. In particular, 
Romei et al. concluded that the NI is a meaningful indicator of 
gait pathology for independent ambulators and is a useful 
element in the evaluation of subjects with movement disorders 
[17]. However, although it is important to evaluate gait pa-
thologies at the joint level, all these previous studies have only 
considered a single value for evaluating a pathological gait 
pattern. In addition, these studies just compared the differ-
ences in NI magnitudes between normal and pathological 
walking groups. 

In fact, the human lower-body consists of three joints; : the 
hip, knee and ankle joints. In addition, the kinematic and ki-
netic patterns among the lower-body joints are coupled in 
pathological gait patterns. Therefore, there are limitations in 
using just one variable to evaluate which joint movement pat-
tern is getting better during rehabilitation. Thus, there is a 
clear need to develop methods that provide indices for each 
lower-body joint that are capable of evaluating the degree of a 
pathological gait. 

Children with cerebral palsy may have a number of bone, 
joint and muscle problems that make their pathological gait 
pattern more complex [19, 20]. Therefore, in this clinical case, 
the evaluation of movement pathologies for each joint is more 
important than other more simple clinical cases. As a result, 
there is a need to validate whether this method is applicable to 
the patient rehabilitation procedure, since most patients with 
cerebral palsy require rehabilitation procedures or surgeries to 
improve their gait normality. 

The objectives of this study were: (1) to provide a method 
to calculate the Joint joint Normalcy normalcy Index index 
(JNI) based on a multivariate statistic technique, (2) to vali-
date the method in clinical cases by comparing the differences 
in JNI between normal and pathological walking groups, and 
(3) to validate the method in a rehabilitation setting by com-
paring the differences in JNI among three classified pathologi-
cal walking groups with different degrees of imposed ankle 
equinus. In addition, a visualization technique to present the 
JNI more effectively was introduced. 
 

2. Methodology  

2.1 Gait analysis  

All subjects walked barefoot at a self-selected speed on a 
10m walkway. The first and second groups were composed of 
a normal walking group and a patient group with cerebral 
palsy to compare the differences in JNI between the two 

groups. The first group, which consisted of thirty thirty-six 
normal walkers (mean ± standard deviation, age, 24.4 ± 
3.7year; height, 174.1 ± 3.7cm; mass, 71.4 ± 8.2kg), walked 
normally with the first heel and ankle rockers. The second 
group consisted of six patients with cerebral palsy (age, 7.7± 
2.7year; height, 109.8 ± 15.2cm; mass, 21.7 ± 7.8kg). To vali-
date the JNI in a rehabilitation setting, three pathological 
walking groups were selected based on the degrees of im-
posed ankle equinus using the proposed taping method [21, 
22]. In this case study, six normal walkers (age, 23.6± 0.5year; 
height, 174.9 ± 2.2cm; mass, 68.7 ± 2.8kg) participated. Dur-
ing these tests, two clinicians from the Catholic University of 
Korea participated in the observational gait analysis. As 
shown in Fig. 1 and Table 1, the classified pathological walk-
ing groups were the normal/mild group, moderate group and 
severe group. To compare the joint kinematic data of the 
pathological walking group with those of the normal walking 
group, the RMS difference, which is the correlation and the 
maximum difference from the average of the normal walking 
kinematic patterns, were was used. The JNI of each group was 
then compared. 

An optic motion analysis system with six cameras (Vicon 
460) was used to collect video data. During walking, the sam-
ple frequency of the camera motion system was 60 Hz. The 
motion data was then filtered using a fourth-order Butterworth, 
zero-lag, low-pass filter with a cut-off frequency of 7Hz [23]. 
SWING BANK. Inc., SB Gait was used to calculate the joint 
kinematic and kinetic analysis results using the displacement 
of skin markers and the ground reaction forces. Table 2 pro-
vides a description of the equipments used in this study. 
 
2.2 Joint parameters and the calculation of JNI 

In this study, 36 of the most representative joint parameters 
were extracted from the joint kinematic analysis according to 
a previous study [14]. The extracted joint parameters for each 
lower body joint are shown in Tables 3, 4 and 5, respectively. 
As shown in Tables 3, 4 and 5, 14 parameters representing the 

Table 1. Definition of the test groups. 
 

Test Group Definition 

Normal/Mild - Normal and flat-foot walking 
- Heel–Toe walking 

Moderate - Heel lifting angle in stance at 5°-20° level 
- Occasionally heel-toe walking  

Severe - Maximum plantar flexion group 
- Toe-Toe walking 

 

 
 
Fig. 1. Ankle movement patterns in the test groups. 
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hip joint movement, 4 parameters representing the knee joint 
movement and 16 parameters representing the ankle joint 
movement were used to calculate the JNI.  

The extracted joint parameters were used to calculate the 
joint normalcy indices of each joint at a p<0.05 level accord-
ing to the previously proposed method based on principal 
component analysis [13]. The required processes were as fol-
lows: 

 
(1) Calculate the mean (µi) and the standard deviation (σj) of 

the measured hip joint kinematic variables (xj) from normal 
subjects (j = 1, 2, 3….14) 

(2) Standardize the 1st measured data  
)14...3,2,1(/)( =−= jxz jjjj σµ  

(3) Calculate the covariance matrix (Cij) for the standard-
ized discrete variables (i & j = 1, 2, 3….14) 

(4) Calculate the eigenvalue-eigenvector pairs (λi - ei) for 
the covariance matrix 

(5) Define a new set of scaled independent/uncorrelated 
variables 

)14...3,2,1(1 14

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ∑ izy

j
j

i
j
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i α
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(6) Measure the hip joint kinematic variables (
jx~ ) from a 

given subject (j = 1, 2, 3….14) 
(7) Standardize the 6th measured data using the mean (µi) 

and the standard deviation (σj) from the normal subjects 
)14...3,2,1(/)~(~ =−= jxz jjjj σµ  

(8) Define a new set of scaled independent/uncorrelated 
variables 

)14...3,2,1(~1~ 14
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(9) Find the square of the Euclidian length for a given sub-
ject from the normal mean in the new uncorrelated coordinate 

system 

)14...3,2,1(~14
2 == ∑ iyd

i
i

 

After calculating the hip joint normalcy index, the same 
process was applied to the knee and ankle joints. 
 

3. Result 

3.1 Differences between normal and pathological walking 
groups  

3.1.1 Joint kinematic data 
Fig. 3 and Table 6 present the differences in the joint kine-

matic data between the normal and pathological walking 
groups during a gait. In order toTo compare the differences 
between the time series of the joint kinematic results of the 
normal and pathological walking groups, the Pearson coeffi- 

Table 2. Specification of gait analysis apparatus. 
 
Equipment Maker Model Specification 

Camera VICON MCam2 

1. User selected frame rates: up to 
1,000 fps 

2. Pixel of digital CMOS  
sensor: 1,280 x 1,024 

3. Resolution: 1,280 x 1,024 pixels

 

 
 
Fig. 2. Schematic diagram of the gait analysis apparatus. 

Table 3. 14 gait parameters for hip joint JNI. 
 

 Hip joint Gait Phase Unit 

1 Maximum flexion- 
extension angle Stance/Swing degrees 

2 std* of flexion- 
extension angle Swing degrees 

3 Minimum rotational  
velocity Stance degrees 

4 Minimum rotational 
velocity Terminal-Swing degrees/min 

5 Minimum abduction- 
adduction velocity Pre-Swing degrees/min 

6 Mean rotational  
Velocity Terminal-Swing degrees/min 

7 Range of  
rotation angle 

Loading- 
Response degrees 

8 Mean abduction- 
adduction velocity Mid-Swing degrees/min 

9 Maximum abduction- 
adduction velocities Initial-Swing degreed/min 

10 Minimum abduction- 
adduction velocity Stance degrees/min 

11 Range of  
rotation angle Swing degrees 

12 Minimum flexion- 
extension velocity Mid-Swing degrees/min 

13 Minimum abduction- 
adduction velocity 

Terminal- 
Stance degrees/min 

14 Minimum flexion- 
extension velocity Pre-Swing degrees/min 

 
Table 4. 4 gait parameters for knee joint JNI. 
 

 Knee joint Gait Phase Unit 

1 Range of flexion- 
extension angle Swing degrees 

2 Mean flexion- 
extension velocity 

Loading- 
Response degrees/min 

3 std* of abduction- 
adduction angle Stance/Swing degrees 

4 Minimum flexion- 
extension velocity Terminal-Stance degrees/min 
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Fig. 3. The average joint kinematic data in the normal and pathological walking groups (---: Normal walking group, —: Pathological walking 
group; x-axis: Gait cycle (100%), y-axis: degree (° )). 
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cients of correlation and the RMS error were calculated for all 
trials [24]. 

As shown in Fig. 4, the kinematic results of the patients 
with cerebral palsy displayed a clearly different pattern than 
the normal walking group. In addition, the average RMS dif-
ferences were 18.05, 18.40 and 14.92 in the hip, knee and 
ankle joints, respectively (Table 6). The average correlations 
from each joint with regard to the kinematic correlation be-
tween the normal and pathological walking groups were 0.33, 
0.13 and 0.20, respectively, (Table 6). 

 
3.1.2 Joint Normalcy Index 

The JNI for the normal and pathological walking groups are 
shown in Table 7 and Table 8. The mean JNI of the pathologi-
cal walking group (81.23-248.39) was higher than that of the 
normal walking group (2.97-8.78). As shown in the Fig. 4, the 

difference between the JNI of the normal and pathological 
walking groups was statistically significant at the p<0.01 level. 
This result demonstrates that the proposed JNI was able to 
distinguish the gait pathology group from the normal walking 
group at the joint level. 

 
3.2 Differences among the classified three walking groups 

with imposed ankle equinus constraints  

3.2.1 Joint kinematic data 
As mentioned previously, to verify the applicability of using 

the JNI in the rehabilitation field, the results from three groups 
classified with different degrees of imposed ankle equinus 
were compared using the proposed taping method. Fig. 5 
shows the joint kinematic analysis results of each group. There 
was a significant increase in ankle plantar-flexion for all 
phases of the gait from the normal/mild ankle equinus group 
to the severe ankle equinus group. A secondary deviation in 
the gait occurred in the hip and knee joints. There was also an 
increase in the joint flexion movement for the stance phase of 
the gait in the moderate and severe ankle equinus groups. 
However, no statistical differences were observed between the 
kinematic patterns of the knee and hip joints for the moderate  

Table 5. 16 gait parameters for ankle joint JNI. 
 

 Ankle joint Gait Phase Unit 

1 Mean dorsi-flexion  
angle Stance/Swing degrees 

2 Mean dorsi-flexion  
velocity Mid-Stance degrees/min 

3 std* of dorsi-flexion  
angle Stance/Swing degrees 

4 Minimum dorsi-flexion  
velocity Stance/Swing degrees/min 

5 Maximum dorsi-flexion  
velocity Terminal-Swing degrees/min 

6 Minimum dorsi-flexion  
velocity Initial-Swing degrees/min 

7 Range of dorsi-flexion  
angle 

Loading- 
Response degrees 

8 Maximum foot  
rotational velocity Stance degrees/min 

9 Mean foot  
rotational velocity Terminal-Stance degrees/min 

10 Range of foot rotation 
angle Stance/Swing degrees 

11 Maximum dorsi-flexion  
velocity Stance degrees/min 

12 Minimum foot  
rotational velocity Stance degrees/min 

13 Maximum foot  
rotation angle Mid-Stance degrees 

14 Range of dorsi-flexion  
angle Mid-Stance degrees 

15 Range of foot rotation  
angle 

Loading- 
Response degrees 

16 Maximum foot  
rotational velocity Mid-Swing degrees/min 

 
Table 6. Joint kinematic analysis results for the normal and pathologi-
cal walking groups. 
 

 RMS diff. mean 
(S.D) 

Correlation  
mean (S.D) 

Max diff.  
mean (S.D) 

Hip 18.05 (15.40) 0.33 (0.53) 28.45 (17.43) 

Knee 18.40 (7.17) 0.13 (0.48) 33.94 (13.71) 

Ankle 14.92 (12.52) 0.20 (0.37) 26.65 (18.01) 

Table 7. JNIs of the normal walking group. 
 

JNI Normal walking group (n=36) 

 Min Max Mean S.D 

Hip 2.6 15.3 8.78 3.70 

Knee 0.53 13.89 2.92 3.25 

Ankle 2.49 24.16 8.79 4.38 

 
Table 8. JNIs of the pathological walking group. 
 

JNI Pathological walking group (n=6) 

 Min Max Mean S.D 

Hip 36.45 605.62 203.73 171.59 

Knee 26.75 199.74 81.23 52.13 

Ankle 58.04 666.81 248.39 149.99 

 

 
 
Fig. 4. Joint normalcy index in the normal and pathological walking 
groups (*: statistically different at p<0.01). 
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Fig. 5. Joint kinematic data of the three classified walking groups with imposed ankle equinus constraints.  
(––––: normal/mild group -----: moderate group – – –: severe group, x-axis: Gait cycle(100%), y-axis: degree(° ); N.S.: statistically no significant
different, *: statistically different in p<0.01) 
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and severe ankle equinus groups (Fig. 5). The joint kinematic 
differences among the three groups were represented by the 
six vertical lines including the gait phases and statistical re-
sults in each graph. 

 
3.2.2 Joint normalcy index 

The JNI for the normal/mild, moderate and severe ankle 
equinus groups are shown in Tables 9, 10 and 11. The mean 
JNI in the normal/mild ankle equinus group ranged from 7.08 
to 17.07. In the moderate and severe ankle equinus groups, the 
mean JNI increased to 178.27 and 229.83, respectively. 

The A statistical comparison of the JNI in the three groups 
is presented in Fig. 6. There were significant differences be-
tween the normal/mild and moderate groups for all joint. 
However, for the knee and hip joints, no significant differ-
ences between the moderate and severe ankle equinus groups 
were observed. The JNI of the ankle joint significantly in-
creased as the degree of ankle equines increased. 
 
3.2.3 Visualization of joint normalcy index 

Fig. 7 presents an example plot of the JNI for a subject that 
participated in the second case study. In this case, the JNI for 
the three classified groups diminished as the degree of ankle 
equines decreased. 
 

4. Conclusions 

Pathological gait patterns are caused by a number of differ-
ent bones, joint and muscle problems. In general, the patho-
logical gait patterns are complex to evaluate due to the fact 

thatbecause the kinematic and kinetic results of each lower-
body joint are highly coupled. Therefore, there is a need to 
provide indices that can simplify the evaluation of pathologi-
cal gaits. For this purpose, a method to calculate the Joint joint 
Normalcy normalcy Index index (JNI) was developed based 
on a multivariate statistic technique. To validate the method 
under clinical conditions, two types of experimental tests were 
performed. The first experimental test was to validate whether 
the proposed method has the ability to distinguish pathological 
walking patterns from normal walking patterns. The second 
experimental test was performed to validate the method in a 
rehabilitation setting by comparing the differences in JNI 
among three classified pathological walking groups with dif-
ferent degrees of imposed ankle equinus. 

The experimental results of this study are summarized as 
follows: 

(1) In the first experimental test, the JNI was robust enough 
to distinguish the pathological walking patterns from normal 
walking patterns. The JNI of the normal walking group ranged 
from 0.53 to 24.16. In the pathological walking group with 
cerebral palsy, the JNI ranged from 26.75 to 666.81. 

Table 9. JNIs of the normal/mild group. 
 

JNI Normal/Mild group (n=6) 

 Min Max Mean S.D 

Hip 5.31 31.14 17.07 8.69 

Knee 1.66 10.87 7.08 3.15 

Ankle 2.14 34.25 13.61 10.24 

 
Table 10. JNIs of the moderate group. 
 

JNI Moderate group (n=6) 

 Min Max Mean S.D 

Hip 28.43 98.82 57.46 21.20 

Knee 26.17 86.07 41.04 15.55 

Ankle 39.35 371.79 178.27 109.24 

 
Table 11. JNIs of the severe group. 
 

JNI Severe group (n=6) 

 Min Max Mean S.D 

Hip 29.08 118.44 71.79 30.65 

Knee 27.25 54.87 40.33 8.37 

Ankle 129.73 888.05 356.45 229.83 
 

 
 
Fig. 6. Joint normalcy index in normal/mild, moderate and severe 
groups (N.S.: statistically no significant, *: statistically different in 
p<0.01). 
 

3.37

2.87

5.11

12.55

4.65

6.81

Hip

KneeAnkle

Moderate ankle equinus condition
Normal/mild ankle equinus condition

Severe ankle equinus condition

Moderate ankle equinus condition
Normal/mild ankle equinus condition

Severe ankle equinus condition
 

 
Fig. 7. Joint normalcy index chart for a single subject. 
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(2) In the second experimental test, the JNI was capable of 
evaluating the degree of rehabilitation, since the JNI of the 
ankle joint was significantly different as the degree of ankle 
equines increased. In the normal/mild ankle equinus group, 
the mean JNI of the ankle joint was 13.61. As the degree of 
ankle equines increased, the mean JNI also increased from 
13.61 to 356.45. 

 
These results revealed that the proposed JNI can be used as 

a scalar factor to evaluate each joint angular deviation in nor-
mal and patient groups. In addition, this approach can be 
adapted to evaluate rehabilitation and pre/post surgery. How-
ever, validation of the proposed method in a rehabilitation 
setting was conducted on subjects with imposed ankle equinus 
and not under real clinical conditions. Therefore, to more ac-
curately evaluate the potential of using this method as an 
evaluation tool of rehabilitation, more experimental tests must 
be performed with real patients under clinical conditions.  
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