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Abstract: Objective: To evaluate the efficacy of three-dimensional (3-D) gait quantitative analysis in the surgical 
treatment and postoperative rehabilitation in patients with lumbar degenerative diseases. Methods: This is a pro-
spective study with self-controll before -after. A total of 48 patients with lumbar degenerative diseases and treated 
in our hospital were enrolled in the observation group, 40 healthy individuals were included in the control group. 
Gait analysis was carried out with 3-D motion acquisition and analysis system. The 3-D gait quantitative parameters 
of the two groups were compared preoperatively. These  include time-distance parameters (gait speed, stride fre-
quency, stride length, support phase), hip joint flexion angle and gait deviation index (GDI). The 3-D gait quantitative 
parameters in the observation group were analyzed post operation and during rehabilitation. Pearson correlation 
coefficient was used to evaluate the correlation between 3-D gait quantitative parameters and the patient’s vi-
sual analog score (VAS), Japanese Orthopedic Association (JOA) score and Oswestry Disability Index (ODI). Results: 
Compared with the healthy group, the time-distance parameters and the kinematics parameters of lower extremity 
joints in the observation group were significantly decreased (both P<0.001). The gait index indicated that there 
were significant gait abnormalities in the observation group (P<0.001). Two weeks after operation, the patient’s 
VAS score, JOA score and ODI were significantly improved compared to the results preoperatively, as well as the 3-D 
gait quantitative parameters (all P<0.05). Further improvement was then observed after 12 weeks of rehabilita-
tion training (all P<0.05), and the patient’s gait was close to normal. Pearson correlation analysis showed that the 
improvement of the 3-D gait quantitative parameters positively correlated with VAS score, JOA score and ODI (all 
P<0.001). Conclusion: The 3-D gait quantitative analysis can effectively evaluate the effect of operation and reha-
bilitation training.

Keywords: Lumbar degenerative disease, 3-dimensional gait, gait analysis, rehabilitation, correlation

Introduction

Lumbar degenerative disease is one of the 
most common types of spine diseases, which 
include lumbar disc herniation, spinal stenosis, 
lumbar spondylolisthesis, and degenerative 
scoliosis, etc. [1]. Statistically, lumbar degener-
ative diseases account for about 30% in ortho-
pedic operations and are currently one of the 
largest sources of pain, disability and social 
medical burden in the world [2, 3]. Therefore, 
the treatment efficacy and rehabilitation have 
attracted much clinical attention. How to accu-
rately evaluate the clinical efficacy and the 
effectiveness of rehabilitation training is also 
the focus of orthopedics surgeons and rehabili-
tation physicians [4].

Currently, relevant functional scales are mainly 
used as evaluation indicators for the assess-
ment of treatment efficacy of spinal disease, 
such as the internationally accepted VAS score 
and ODI, which are widely used all over the 
world [5-7]. However, given the subjectivity of 
these assessment methods, it is often difficult 
to be accurate and comprehensive. Therefore, 
it is still necessary to explore objective and 
quantifiable measurement methods clinically.

Gait analysis is a technology that uses a variety 
of sensor technologies to obtain kinematics 
and electromyography signals of human lower 
limbs, and to study human gait movement func-
tion by analyzing its temporal and spatial char-
acteristics [8]. Gait analysis can provide a wide 
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range of gait characteristics, including spatio-
temporal parameters, dynamic joint range of 
motion, neuromuscular activity and dynamic 
joint reaction force, etc. These parameters can 
be evaluated in two-dimensional (2-D) or 3-D 
planes to assess the characteristics of a spe-
cific anatomical plane [9, 10]. At present, gait 
analysis has been widely used and studied in 
hemiplegia, cerebral palsy, knee osteoarthritis, 
etc., and has been highly recognized clinically 
[8, 11]. However, there is still a lack of sufficient 
research about its application in spinal degen-
erative diseases. It also lacks evidence in the 
application of postoperative rehabilitation. In 
this study, a total of 48 patients with lumbar 
degenerative disease were enrolled into the 
study to analyze and clarify the gait changes in 
preoperative, postoperative and rehabilitation 
process as well as its application in rehabilita-
tion evaluation, aiming to provide reference for 
clinical practice.

Materials and methods

Patients

A total of 48 patients with lumbar degenerative 
diseases treated in our hospital from September 
2018 to December 2019 were enrolled into 
this prospective self-controlled before-after 
study as observation group. 

Inclusion criteria: ① There were clinical symp-
toms of lumbar degeneration, such as lumbar 
and leg pain, lumbar discomfort, intermittent 
claudication, etc. [1]; ② ≥18 years old; ③ 
Computerized tomography (CT), magnetic reso-
nance imaging (MRI) and other imaging exami-
nations showed lumbar disc herniation, spinal 
stenosis or lumbar spondylolisthesis, etc. in all 
patients; ④ After conservative treatment for 3 
months, the disease was still hard to alleviate.

Exclusion criteria: ① Patients who have previ-
ously undergone lumbar operation; ② Patients 
diagnosed with congenital lumbar deformities 
or tumors in the lumbar spinal canal; ③ Patients 
with sequelae of cerebrovascular disease, knee 
arthritis, meniscus injury and other lower limb 
diseases affecting walking posture; ④ Patients 
with incomplete clinical data.

In addition, 40 healthy subjects were recruited 
as normal controls (healthy group) in the same 
period.

Ethics statement

This study followed the principles of the 
Declaration of Helsinki and was approved by 
the Ethics Committee of our hospital. All 
patients and their families were informed of 
this study and signed informed consents.

Treatment

All patients underwent minimally invasive trans-
foraminal interbody fusion performed by the 
same senior spine surgeon. A unified staged 
rehabilitation training was carried out postop-
eratively [12]. In the first week after operation, 
bed rest and passive activities were the main 
focus. In the next week, active activities in bed 
were carried out. Active spine stretching exer-
cises and gradual stretching exercises of lower 
back muscles were conducted at Week 3-6 to 
relieve symptoms and to increase muscle flexi-
bility. After 6 weeks, core muscle intensive 
training and force walking mode training were 
carried out, including: ① training for the waist 
and hip muscles, such as bridge-style move-
ment, supine arching exercises, “sit and reach”, 
etc. ② training for the abdominal muscles, 
such as upper limb support exercises in the 
lying position, supine leg raise exercises, and 
modified Yanfei exercises, etc. ③ training for 
pelvic and lower limb functions, such as lateral 
pelvic strengthening exercises in the lying posi-
tion, alternating pronation movement of the 
pelvis and crawling training in the lying 
position.

3-D gait analysis

The Italian BTS (G-WALK) 3D Motion Capture 
System was adopted for gait analysis. The 
equipment included 6 cameras, multiple mark-
ers, software (motion), etc., and the specific 
test methods were as follows.

At each evaluation, the patient was equipped 
with a set of whole-body reflection markers, 
which was primarily used for kinematic data 
collection. Participants were asked to perform 
a series of ground walking tests at a normal 
and natural speed on a 10-meter-long flat 
ground for 5 times. From the middle of the fifth 
trial, the whole gait cycle was taken for kine-
matics analysis. The 3-D gait quantitative 
parameters were recorded and analyzed, in- 
cluding time-distance parameters (gait speed, 
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Table 1. Baseline information (n (%), 
_
x  ± sd)

Items Observation 
group (n=48)

Healthy group 
(n=40) P

Gender [n (%)] 0.659
    Male 22 (45.83) 16 (40.00)
    Female 26 (54.17) 24 (60.00)
Age (years old) 55.3±13.5 54.9±12.8 0.887
Weight (kg) 67.00±14.52 65.50±9.12 0.557
Height (cm) 167.8±7.8 168.5±8.5 0.691
Course of disease (year) 0.8-16
Site of lesion (n)
    L4-5 segments 27 (56.25)
    L5-S1 segments 21 (43.75)
Straight leg raise test positive 48 (100.00)

Table 2. Differences in gait parameters (
_
x  ± sd)

Items Observation 
group (n=48)

Healthy group 
(n=40) P

Gait speed (m/s) 0.46±0.12 1.08±0.17 <0.001
Stride frequency (step/s) 1.10±0.24 1.62±0.26 <0.001
Stride length (cm) 115.37±6.20 141.87±7.60 <0.001
Ratio of left and right support phase 0.78±0.06 0.99±0.03 <0.001
Maximum hip joint flexion Angle (°) 19.50±2.10 29.42±2.23 <0.001
GDI on the affected side 86.93±12.42 100.02±10.23 <0.001
Note: GDI for Gait Deviation Index.

stride frequency, stride length, support phase), 
hip joint flexion Angle and GDI. When calculat-
ing GDI, the standardized gait cycle of the legs 
of the healthy controls was first input to calcu-
late a reference GDI, and then the GDI of both 
legs of the observation group was calculated 
separately. The data was analyzed with sup-
porting software. Only one complete test was 
carried out in health controls, while patients in 
the observation group underwent 3 complete 
tests pre-operation, 2 weeks post operation 
and 12 weeks post operation, respectively, to 
analyze the gait changes during rehabilitation.

Evaluation of rehabilitation

Pain assessment: VAS score was used to 
assess the improvement of the patient’s pain, 
which was graded from mild to severe (0-10 
points) based on patient’s subjective pain 
degree [13]. The higher the score, the more 
intense the pain.

Low back pain assessment: JOA score was 
used for assessment of 4 aspects, including 

subjective symptoms (low 
back pain, leg pain and/or 
tingling, gait), clinical signs 
(straight leg raise test, 
sensory impairment, mo- 
vement disorder), limita-
tion of daily activities and 
bladder function [14]. The 
highest score for subjec-
tive symptoms was 9 
points, for daily activities 
was 14 points, for bladder 
function was 6 points, and 
the total score was 29 
points. The lower the 
score, the more severe the 
patient’s dysfunction.

ODI: The ODI score was 
used to evaluate the pain 
[6], single functions and 
individual comprehensive 
functions. There were 9 
items in the scale, with 
0-5 points in each item, 
and the total score was 45 
points. The higher the 
score, the more severe the 
dysfunction.

Determination of the cross-sectional area of 
the torn muscle: Achieva 1.5T nuclear magnet-
ic resonance (NMR) scanner manufactured by 
Philips Company in the Netherlands was used 
to perform T2-weighted MRI on axial interverte-
bral space of lumbar operation segment. Select 
the cross-sectional boundary of multifidus 
muscle by freehand and calculate its area [15].

Observation indicators

In this study, the gait changes in patients with 
lumbar degenerative diseases were firstly ana-
lyzed. The 3-D gait parameters of the observa-
tion group and the healthy group were mainly 
compared, including gait speed, stride frequen-
cy, stride length, left and right support phase, 
maximum hip joint flexion Angle and GDI.

In the observation group, the indicators of oper-
ation and rehabilitation and the changes of 3-D 
gait parameters were further analyzed, specifi-
cally including ① VAS score, JOA score, ODI 
score, and changes in multifidus cross-section-
al area preoperatively and postoperatively; ② 
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the changes of 3-D gait parameters preopera-
tively and postoperatively in the observation 
group; ③ correlation between 3-D gait quanti-
tative parameters and rehabilitation.

Statistical methods

SPSS 23.0 (SPSS, Inc., Chicago, IL, USA) was 
used for statistical analysis. The count data 
was expressed as the number of cases (per-
centage) (n (%)], and chi-square test was per-
formed. The measurement data conformed to 
the normal distribution were expressed as 
mean ± standard deviation (

_
x  ± sd). Inde- 

pendent sample t-test was used between 
groups, and paired t-test was used within 
groups. Pearson correlation coefficient was 
used to evaluate the correlation between 3-D 
gait parameters and the patient’s rehabilita-
tion. All statistical tests were two-sided using 
α=0.05. P<0.05 was considered statistically 
significant.

Results

Baseline information

Compared with the healthy controls, there were 
no significant differences in gender, age, wei- 
ght, height and other general demographic 

Evaluation of postoperative rehabilitation

VAS score, JOA score, ODI and multifidus cross-
sectional area were used to evaluate the quali-
ty of postoperative rehabilitation. The postop-
erative VAS score and ODI showed a decreasing 
trend (Figure 1A), while the JOA score showed 
an opposite trend (Figure 1B, 1C). VAS score 
and ODI were significantly lower than those of 
pre-operation 2 weeks post operation (both 
P<0.001), while JOA score was significantly 
increased (P<0.001). Further improvements in 
VAS, JOA, and ODI were observed at 12 weeks 
postoperatively (all P<0.01). At 12 weeks post-
operatively, the multifidus cross-sectional area 
was significantly increased compared with that 
pre-operation (Figure 1D; P<0.001).

Postoperative 3-D gait quantitative analysis

The time-distance parameters (Figure 2A-D), 
the kinematics parameters of lower extremity 
joints (Figure 2E) and GDI (Figure 2F) all 
increased post operation. Compared with pre-
operation, patients showed higher gait speed, 
stride frequency, stride length, ratio of left and 
right support phase, maximum joint hip fle- 
xion Angle and GDI on the affected side (all 

Figure 1. Significant improvement of postoperative rehabilitation indicators. 
A: VAS score; B: JOA score; C: ODI score; D: Multifidus cross-sectional area 
(mm2). Compared with pre-operation, ***P<0.001; compared with 2 weeks 
post operation, ##P<0.01, ###P<0.001. VAS: Visual analogue scale; JOA: Japa-
nese Orthopedic Association; ODI: Oswestry disability index.

characteristics in the obser- 
vation group (all P>0.05). In 
the observation group, the 
shortest course of disease 
was 0.8 years and the longest 
was 16 years. More lesions in 
the L4-5 segment (56.25%) 
were identified. All patients 
were positive for straight leg 
raise test. See Table 1.

Gait differences

The gait differences between 
patients with lumbar degener-
ative diseases and healthy 
controls were compared pre-
operatively. Compared with 
the healthy controls, the gait 
speed, stride frequency, stride 
length, ratio of left and right 
support phase, maximum hip 
joint flexion Angle and GDI on 
the affected side in the obser-
vation group were significantly 
decreased (all P<0.001). See 
Table 2.
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Figure 2. Changes of postoperative 3-D gait quantitative parameters. A: Gait 
speed (m/s); B: Stride frequency (step/s); C: Stride length (cm); D: Maximum 
hip joint flexion Angle (°); E: Ratio of left and right support phase; F: GDI. 
Compared with pre-operation, ***P<0.001; compared with 2 weeks post op-
eration, #P<0.05, ##P<0.01, ###P<0.001; GDI: Gait Deviation Index.

P<0.001) at 2 weeks post operation. In addi-
tion, further increases in these 3-D gait indica-
tors were observed at 12 weeks postoperative-
ly (both P<0.001), which were close to normal.

The correlation between 3-D gait parameters 
and rehabilitation

Pearson correlation analysis showed that the 
improvement of the 3-D gait quantitative par- 
ameters had a significant positive correlation 
with VAS score, JOA score and ODI (all P<0.001). 
See Table 3.

Discussion

As an advanced research method, 3-D gait 
quantitative analysis can be used to identify 

the cause of dysfunction 
through the relevant informa-
tion and evaluate the effec-
tiveness of interventions [9, 
10]. However, the data ob- 
tained by this method are 
large and complex. How to 
accurately use the results of 
3-D gait analysis is a clinical 
problem that needs to be 
solved urgently [16]. It is still 
in the early stage of this tech-
nology, and thus not much 
attention has been paid to the 
filed of spinal degenerative 
diseases [17, 18]. In this study, 
3-D gait quantitative analysis 
in patients with lumbar degen-
erative disease was investi-
gated so as to clarify the effect 
of 3-D approach in evaluation 
of the postoperative rehabili-
tation of patients with lum- 
bar degenerative disease. The 
results showed that 3-D gait 
quantitative analysis could 
effectively evaluate the effect 
of operation and rehabilitation 
training.

In this study, the gait differ-
ences between patients with 
lumbar degenerative disease 
and healthy controls were 
compared at first. The results 
showed that the indicators of 
gait speed, stride frequency, 
stride length, ratio of left and 
right support phase, maxi-

mum joint hip flexion Angle and GDI on the 
affected side were significantly decreased. The 
gait speed, stride frequency, stride length and 
joint hip flexion Angle on the affected side can 
directly reflect the gait stability of patients, and 
the results showed that above four indicators 
would be reduced to maintain the stability of 
the gait in the case of motor dysfunction. These 
results are consistent with previous studies 
[19, 20]. The length of Supporting phase is a 
commonly used evaluation indicator for gait 
analysis, but literature showed that this indica-
tor is sometimes affected by individual differ-
ence, resulting in decreased accuracy of evalu-
ation [21]. However, this individual difference 
can be eliminated to a certain extent with the 
application of ratio of left and right support 
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phase. The decrease of the ratio of left and 
right support phase indicated that the stability 
of gait can be elevated by increasing the sup-
port phase of both feet [21].

GDI is a composite indicator of gait abnormali-
ties derived from the range of motion of the 
lower extremity joints, including data of coro-
nal, sagittal and horizontal plan of pelvis and 
hip joint, flexion and extension of knee, ankle 
plantar dorsiflexion and step angle [22]. In a 
variety of pathological gait studies, such as 
cerebral palsy, muscle atrophy in children and 
Parkinson’s disease, GDI value has shown high 
validity [23-27]. This study indicated that GDI of 
patients with lumbar degenerative diseases 
was significantly different from those of healthy 
controls. Study also showed that GDI of patients 
with spinal degenerative diseases was signifi-
cantly lower than that of healthy people, which 
was consistent with this study. VAS, JOA, ODI 
and multifidus cross-sectional area are effec-
tive indicators for evaluation of patients with 
lumbar degenerative diseases [28]. In this 
study, above four indicators showed significant 
improvement 2 weeks postoperatively and 12 
weeks after rehabilitation, indicating the effec-
tiveness of operation and rehabilitation 
training.

The postoperative 3-D gait quantitative analy-
sis showed that, with the improvement of the 
patient’s condition, the gait speed, stride fre-
quency, stride length, ratio of left and right sup-
port phase, maximum hip joint flexion Angle 
and GDI on the affected side all increased. 
Similarly, results of previous study comparing 

the stride length, gait speed and Angle of hip 
joint motion of patients with degenerative sco-
liosis pre- and post-operation showed that the 
three indicators increased significantly post-
operation [29], which was consistent with the 
result of this study. Further correlation between 
3-D gait parameters and rehabilitation suggest-
ed that the improvement of the 3-D gait quanti-
tative parameters correlated well with VAS, JOA 
and ODI, and thus further explained that 3-D 
gait quantitative analysis can be used for evalu-
ation of postoperative rehabilitation of patients 
with spinal degenerative diseases, and has 
high application value.

This study may have some limitations. Firstly, 
due to the limited sample size, not all types of 
patients with lumbar degenerative diseases 
were included in current study. Secondly, there 
lacked a subgroup analysis of included disease 
types, which might lead to different results in 
3-D gait parameters of different types. In addi-
tion, considering the difficulty of follow-up, 
there was no detailed tracking record of the 
data changes during the rehabilitation, and the 
3-D gait analysis during the rehabilitation could 
not be displayed in more detail either.

In conclusion, our results support that 3-D gait 
quantitative analysis could effectively evaluate 
the surgical efficacy and rehabilitation training 
effects for patients with lumbar degenerative 
diseases. It can also provide references for 
effective training evaluation of patients, and 
contribute to the development of more individu-
alized and accurate rehabilitation strategies in 
the future.

Table 3. The correlation between 3-D gait parameters and rehabilitation

Items Δ Gait speed Δ Stride 
frequency 

Δ Stride 
length

Δ Ratio of left and 
right support phase

Δ Maximum hip joint 
flexion Angle

Δ GDI on the 
affected side

ΔVAS score 
    r 0.584 0.620 0.494 0.633 0.596 0.652
    P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
ΔJOA score
    r 0.532 0.483 0.509 0.615 0.593 0.642
    P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
ΔODI value
    r 0.482 0.522 0.494 0.538 0.492 0.613
    P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Note: Δ Refer to the absolute value of the difference of each indicator preoperatively and 12 weeks postoperatively; GDI for 
Gait Deviation Index; VAS: Visual analogue scale; JOA: Japanese Orthopedic Association; ODI: Oswestry disability index.
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