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Introduction

Gait is the movement pattern during locomotion; a 
key element is its dynamic and repetitive nature [1,2]. 
Forensic gait analysis is the identification of individuals 
by gait style and other characteristic features of their 
walk [3]. It involves the recognition and comparison 
of gait characteristics to assist in identification. This 

process generally involves in-depth examination 
of closed-circuit television (CCTV) footage by a gait 
specialist for gait patterns and features. Forensic gait 
analysis was used for the first time in criminal law in 
the case of R. v. Saunders in The Old Bailey Central 
Court, London, UK, on July 12, 2000 [4]. Haydn Kelly, a 
gait specialist, was able to identify the prime suspect as 
the jewelry thief from CCTV footage.
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gait features. The prevalence of out-toe, in-toe, planovalgus, and turtleneck was 
25.0%, 1.6%, 6.8%, and 4.2%, respectively. The prevalence of genu varum (10.4%) 
was higher than that of genu valgum (5.6%). Genu valgum and hindfoot valgus 
were more common in younger than in older subjects (P=0.018 and P=0.029, 
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The prevalence of out-toe was higher in males (P<0.001), whereas the in-toe 
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P=0.038, respectively). We have documented the prevalence of several gait 
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to enhance evidentiary competence in forensic gait analysis and thereby help 
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Forensic gait analysis has since progressed in several 
countries. Birch et al. [1] have reported that gait 
analysts perform well in the comparative identification 
of suspects from CCTV footage; these individuals can 
therefore testify as expert witnesses. The authors also 
developed a tool for assessing the suitability of closed-
circuit camera footage for forensic gait analysis [5]. After 
comparing gait features between CCTV footage and 
recordings obtained during questioning, it is important 
to determine their prevalence in the population of 
interest to establish their distinctiveness. The difference 
in the prevalence of a gait pattern indicates that the 
probability of identifying a person differs even if the 
same individual displays the same gait pattern on CCTV 
footage recorded at a different location. Relatively 
little information has been published regarding the 
prevalence of gait patterns. Therefore, the present study 
examined the prevalence of gait patterns in healthy 
Korean adolescents and adults.

Materials and Methods

1. Participants

This prospective cohort study was approved by the 
institutional review board of our institution. Informed 
consent was obtained from all the participants or their 
guardians. The cohort included 500 healthy volunteers, 
who were divided into the following four age groups: 
13-20, 21-35, 36-50, and ≥51 years. Gallup Korea 
enrolled 500 healthy volunteers in Seongnam-si using 
a stratified sampling method; the group was evenly 
distributed among age groups and sex. The medical 
history and lower extremity teleroentgenogram results 
were obtained for each participant. Participants with 
any musculoskeletal diseases, any history of orthopedic 
surgery, or any medical or neurologic condition capable 
of affecting gait were excluded. 

2. Gait checklist

A consensus-building session was held by five 
experienced specialists who perform forensic gait 
analysis as part of their professional practice; the goal 
was to select appropriate gait patterns that can be 

recognized in forensic gait analysis. The panel included 
individuals from a range of professional backgrounds, 
including orthopedics and biomechanics. A literature 
review focusing on gait features was performed and 
subsequently, several features were selected (Fig. 1): 
out-toe, in-toe, hindfoot valgus, planovalgus, hindfoot 
varus, cavus, tip-toe, foot drop, genu valgum, genu 
varum, genu recurvatum, stiff knee, flexed knee, 
scissoring, flexed hip gait, Trendelenburg gait, waddling 
gait, pelvic rotation (external/internal), pelvic obliquity 
(up/down), pelvic tilt (anterior/posterior), gait symmetry 
(symmetric/asymmetric), base (wide/narrow), limb-
length discrepancy, stride length (long/short), ataxic 
gait, dystonic gait, spastic gait (hemiplegic/diplegic), 
limping gait, circumduction, turtleneck, lordosis, and 
kyphosis.

3. Gait recording and gait analysis

Gaits were recorded in a dedicated gait analysis 
laboratory at the Department of Orthopedic Surgery 
at Seoul National University Bundang Hospital. The 
participants walked barefoot, with half pants and 
sleeveless shirts, so that joint movements and trunk 
motion could be observed. They were asked to walk at 
a comfortable and usual speed along a straight, 6.5-
m walkway. Two video cameras (FDR-AX100, Sony 
Corporation, Beijing, China) were positioned frontally 
and laterally to the walkway. The frontal camera 
recorded front and rear walking, and the lateral camera 
recorded lateral walking. When recording from the 
front and back, the camera was placed 1.5 m from the 
participants in the direction of the gait. When recording 
laterally, the camera was placed 3 m away from the 
gait path and was positioned vertically to the path. The 
height of the camera was fixed at the middle of the 
participants. Five trials per participant were recorded. 
After video recordings were obtained, three-dimensional 
gait analysis was performed using a motion analysis 
system (Motion Analysis Corporation, Rohnert Park, CA, 
USA). This system uses a set of 25 markers attached to 
specific landmarks of the body. The participants made 
five or more passes down a 6.5-m walkway, similar to 
the video recordings. Three-dimensional marker-based 
data were recorded using 10 infrared digital real-time 
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cameras.
Before the main assessments, we performed reliability 

testing. With a target intraclass correlation coefficient 
(ICC) value of 0.8 and 95% confidence interval (CI) 

width of 0.2 for three examiners, the minimal sample 
size determined using Bonett’s method was 36 patients 
[6]. Three orthopedic surgeons with 4, 5, and 16 years 
of experience in independent practice, assessed 

Fig. 1. Checklist of gait features. ER, external; IR, internal.
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recordings in a blinded fashion. Interobserver reliability 
was determined by ICC and 95% CI in the setting of 
a two-way mixed-effect model, assuming a single 
measurement and absolute agreement [7].

After reliability testing, an orthopedic surgeon 
(K.J.C.) assessed the gaits of 500 participants from the 
video recordings. No time limit or viewing restrictions 
were imposed. The assessor could review, slow down, 
or freeze the video recordings as required. Each gait 
feature was counted if a deviation was present on one 
or both sides, and was not counted if a deviation was 
not present on either side. Each prevalence and 95% CI 
were calculated using the Poisson approximation to the 
binomial distribution. The chi-square test was used to 
analyze the differences in gait features according to age 
group and sex. All statistical analyses were conducted 
using SPSS software for Windows (version 25.0, IBM 
Corp., Armonk, NY, USA). All statistical analyses were 
two-tailed, with P-values of <0.05 considered to be 
statistically significant.

Table 1. Demographic characteristics of the 500 participants

Variable Value

Age (yr) 36.9±16.7

No. of subject in each age group (male/female) 256/244

13-20 yr 123 (64/59)

21-35 yr 130 (68/62)

36-50 yr 125 (64/61)

≥51 yr 122 (60/62)

Height (cm) 165.9±8.9

Weight (kg) 64.2±12.8

Body mass index (kg/cm²) 23.2±3.5
Values are presented as mean±SD unless otherwise indicated.
SD, standard deviation.

Table 2. Interobserver reliabilities for assessing gait features

Interobserver reliability

ICC 95% CI   

Out-toe 0.885 0.811-0.935

In-toe 0.893 0.823-0.940

Hindfoot valgus 0.796 0.678-0.881

Planovalgus 0.761 0.629-0.859

Genu valgum 0.893 0.823-0.940

Genu varum 0.932 0.886-0.962

ICC, intraclass correlation coefficient; CI, confidence interval.

Table 3. The prevalence of gait feature

Gait feature Prevalence (%) 95% CI

Foot

Out-toe 25.0 21.2-28.8

In-toe 1.6 0.5-2.7

Hindfoor valgus 6.2 4.1-8.3

Planovalgus 6.8 4.6-9.0

Hindfoot varus 0.4 0.2-1.0

Cavus 0.4 0.2-1.0

Ankle

Tip-toe 0.0 -

Foot drop 0.0 -

Crouch 0.0 -

Knee

Genu valgum 5.6 3.6-7.6

Genu varum 10.4 7.7-13.1

Genu recurvatum 0.0 -

Stiff knee 0.0 -

Flexed knee 0.0 -

Hip

Scissoring 0.0 -

Flexed hip gait 0.0 -

Trendelenburg gait 0.0 -

Waddling gait 0.2 0.2-0.6

Pelvis

Pelvis rotation 0.4 0.2-1.0

Pelvis obliquity 0.4 0.2-1.0

Pelvic tilt 0.0 -

Overall gait pattern

Asymmetricity 0.0 -

Base (wide or narrow) 0.0 -

Limb-length discrepancy 0.0 -

Stride (step) length (short or long) 0.0 -

Pathologic gait

Ataxic gait 0.0 -

Dystonic gait 0.0 -

Spastic (hemiplegic/diplegic) 0.0 -

Limping gait 0.0 -

Circumduction 0.2 0.2-0.6

Other

Turtle neck 4.2 2.7-6.0

Lordosis 0.8 0.0-1.6

Kyphosis 0.0 -

CI, confidence interval.
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Results

The mean age and mean body mass index of the 500 
study participants were 36.9±16.7 years and 23.2±3.5 
kg/m2, respectively. Demographic data are presented 
in Table 1. Interobserver reliabilities for assessing gait 
features ranged from good to excellent (ICC, 0.761-
0.932). The highest interobserver reliability was 
observed for genu varum (ICC, 0.932) and the lowest for 
planovalgus (ICC, 0.761) (Table 2).

The prevalence of out-toe was 25.0% (95% CI, 21.2-
28.8), whereas the prevalence of in-toe was 1.6% (95% 
CI, 0.5-2.7). Genu varum (10.4%; 95% CI, 7.7-13.1) was 
more common than genu valgum (5.6%; 95% CI, 3.6-
7.6). The prevalence of planovalgus and turtleneck 
was 6.8% (95% CI, 4.6-9.0) and 4.2% (95% CI, 2.7-
6.0), respectively. The data for other gait features are 
presented in Table 3.

According to the age, we observed significant 
differences in the prevalence of hindfoot valgus, genu 
valgum, and genu varum. Genu valgum and hindfoot 
valgus were more prevalent in the younger than in 
older subjects (P=0.018 and P=0.029, respectively). The 
prevalence of genu varum in the older age group was 
higher in younger subjects (P<0.001). Based on sex, 
there were significant differences in the prevalence 
of out-toe, in-toe, genu valgum, and genu varum. The 
prevalence of out-toe was higher in males (P<0.001), 
whereas in-toe and genu valgum were more common 
in female than in males (P=0.027 and P=0.038, 
respectively) (Table 4).

Although the genu varum and out-toe were 
commonly observed, the prevalence of the combination 
of these two features was low (3.0; 95% CI, 1.5-4.5). 

The prevalence of the combination of out-toe and 
planovalgus was 3.6% (95% CI, 2.0-5.2). The prevalence 
of other combinations of features is presented in Table 5.

Discussion

Our study assessed the prevalence of gait features 
that can be used in forensic gait analysis. The most 
common gait feature was out-toe, followed by genu 
varum, planovalgus, hindfoot valgus, genu valgum, and 
turtleneck. Other gait features were observed in less 
than 1% of the participants.

The advantage of forensic gait analysis is that, 
unlike a fingerprint or face, a gait is more difficult 
to conceal [8,9]. Gait evidence is probably not as 
strong as fingerprint or DNA evidence; however, it 
can be extremely useful in the absence of conclusive 
evidence [10]. If the gait features of the suspect and 
the perpetrator are different, the probability that the 
suspect is the perpetrator is very low. Contrarily, a 
similarity between the gait features of the suspect and 
the perpetrator does not imply that the suspect is the 
perpetrator. However, if the prevalence of the observed 
gait feature is very low, the probability that the 
suspect is the perpetrator increases. Thus, data on the 

Table 4. Gait features according to age group and sex

Gait feature
Age group (yr)

P-value
Sex

P-value
13-20 (n=123) 21-35 (n=130) 36-50 (n=125) ≥51 (n=122) Male (n=256) Female (n=244)

Out-toe 32 25 32 36 0.293 97 28 <0.001

In-toe 3 3 2 0 0.400 1 7 0.027

Hindfoot valgus 14 8 6 3 0.029 16 15 0.962

Planovalgus 13 9 7 5 0.217 20 14 0.357

Genu valgum 12 10 2 4 0.018 9 19 0.038

Genu varum 7 7 14 24 <0.001 31 21 0.200

Table 5. The prevalence of combination of gait feature 

Combination of gait feature Prevalence (%) 95% CI

Out-toe+genu varum 3.0 1.5-4.5

Planovalgus+genu varum 0.6 0-1.3

Out-toe+planovalgus 3.6 2.0-5.2

In-toe+genu valgum 0.2 0.2-0.6

Planovalgus+genu valgum 0.8 0-1.6

CI, confidence interval.
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prevalence of gait features are important to strengthen 
evidentiary competence. Our present study is therefore 
significant, because our results can be used to arrive at 
a numerical probability.

As mentioned above, the gait specialist Kelly [4] 
was able to identify the prime suspect as the jewelry 
thief from CCTV footage. Kelly [4] noted that both the 
robber and the suspect displayed genu varum. It was 
determined that no more than 5% of the relevant UK 
population exhibit this feature, which was observed 
in both video of the suspect and video from the crime 
scene. The prevalence of genu varum is higher in Korea 
than in the United Kingdom; hence, if gait analysis is 
performed with this feature in Korea, there is a lower 
probability of accurate identification. If a gait feature 
with a relatively high prevalence is identified in 
recordings of a crime scene, one should consider using 
combinations of features to enhance accuracy. In the 
present study, we showed that although the prevalence 
of genu varum and out-toe was relatively high, the 
prevalence of the combination of the two features 
was low. Thus, after analyzing gait features from 
recordings of both the suspect and the perpetrator, the 
analyst should identify the most appropriate feature or 
combination(s) of features.

There are currently 8 million image capturing 
systems, including 3 million CCTVs and 5 million black 
boxes, in use in South Korea. As the number of crimes 
lacking evidence is increasing, CCTV and black box data 
are being used more frequently as primary investigation 
tools [11]. With the growing importance of CCTV 
footage in criminal investigations, forensic gait analysis 
is becoming increasingly critical to identify criminals. 
Identification techniques involving gait analysis can 
be utilized to confirm a person’s identity without 
any contact, similar to fingerprint or iris recognition 
technologies. Although DiMaggio and Vernon [3] have 
emphasized the prevalence of gait features in forensic 
gait analysis, few reports have been published on this 
aspect to date. Our findings can be used as a reference 
to evaluate the uniqueness of a specific gait feature.

This study has the following limitation: only Korean 
individuals were included. Therefore, our results may 
not be applicable to individuals from other countries. 
The prevalence of gait features can be changed by 

differences in cultural habits, such as using a squat 
toilet, sitting cross-legged, and kneeling on the ground. 
Studies have shown that hip external rotation, knee 
flexion, and ankle dorsiflexion are significantly greater 
in the Asian than in Western populations [12-15]. 
Additionally, differences in joint movements can affect 
gait. Therefore, care must be taken when generalizing 
and applying our results to individuals from other 
countries.

In conclusion, we determined the prevalence of 
several gait features in Korean participants that can 
be used to enhance evidence competence in forensic 
gait analysis and thereby help improve the positive 
identification of criminals.
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