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This paper presents a review on the methodology used to enable capturing pathological gait data via clinical video analysis which is used in diagnosis and 
treatment of individuals with functional disorders of the musculoskeletal system. Available literature sources were used to formulate recommendations 
for researchers and doctors in clinical study of walking and gait. Main patterns of placement of passive markers used in the clinical analysis of the gait in 
children with cerebral palsy were described. It was found that the IOR model is optimal for clinical analysis of the gait in patients that have low walking 
speed using a minimal capture system configuration (6 cameras). The method of Oxford Foot Model is described which is able to reflect in detail the 
biomechanics of foot parts during walking.
Keywords: motion video capture, clinical gait analysis, cerebral palsy

INTRODUCTION

The study of human locomotor function is currently 
an independent scientific discipline, based on the 
integration of biomechanics, anatomy, physiology 
and neurophysiology, clinical medicine. It has been 
called "Gait Analysis" or “Clinical Gait Analysis. 
The “gold” standard for assessing the efficiency in 
the rehabilitation of motor functions and treatment of 
musculoskeletal system disorders is the use of video-
based analysis systems of human motion kinematics 
which mainly apply the Motion Capture technology 
and are one of the most accurate methods up to 
date [1–5]. The test results of the Qualisys Systems 
(Sweden) showed that the average error for Oqus 
cameras was less than 0.15 mm for static tracking and 
0.26 mm for dynamic tracking by spatial recording 
of objects [6]. Diagnosis with video-based analysis 
systems is carried out with optical infrared cameras, 
dynamometer platforms (Force plates) and wireless 
electromyography systems (EMG), which are able 
to accurately estimate the trajectories of movements, 
their amplitudes, energy expenditure, loads, power, 
muscle work, space-and-time characteristics and 
other indicators. This technology uses passive 
markers that are attached to certain anatomical points 
on the body which reflect infrared radiation. Thereby, 
the human skeleton is reconstructed and the data are 

analyzed and interpreted (Fig. 1). Data analysis can 
be developed individually or using existing Visual3D 
software (C-Motion, Inc.).

Systems using accelerometers and gyroscopes, 
such as Noraxon Lab, have been increasingly used in 
clinical practice. Such systems are very easy to adjust 
and use, and they are also able to quickly generate 
reports. However, this technology is subject to 
magnetic interference and, in cases of metal devices 
(prostheses, walkers, exoskeletons and other devices) 
tracking may become difficult.

Over the past 40 to 50 years, the rate of children 
born with cerebral palsy has not changed and is 
1.5–3 children per 1,000 newborns [9, 10]. Analysis 
of walking according to the criteria of Edinburgh Gait 
Assessment [7] and video-based analysis have been 
recognized tools in clinical diagnosis in patients with 
cerebral palsy [8–10]. The analysis allows recording 
of angular deviations in the joints in all projections, 
which helps to analyze motor functions for a more 
accurate diagnosis. Further, the information is used 
to arrange a “list of problems” in which all gait 
deviations can be listed; classification of primary 
(neurological), secondary (age-related), and tertiary 
deviations (deformities) is performed; treatment 
tactics are determined [11].
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Fig. 1 a – Example of the Qualisys cameras (Sweden) location and force plates in the laboratory of gait recording; b – recording 
with QTM (Qualisys); c – analysis of walking with Visual3D (C-Motion); d – element of a clinical gait report (symmetry 
assessment in static position)

In the last decade, clinical biomechanical 
laboratories have been working on the development of 
a standard for the gait deviation index (Gait Deviation 
Index) and the walking index (The Gait Profile Score) 
for patients with cerebral palsy [12-14]. These indices 
are included in the clinical reports of biomechanics in 
most modern laboratories and are also included in the 
Qualisys standard gait report (PAF).

It is worth emphasizing that the price of a complete 
video analysis system, which includes power platforms, 
cameras and wireless EMG, is very high; therefore, 
clinical centers frequently purchase incomplete system 
kits, resulting in problems with developed Visual3D 
software (C-Motion, Inc.) for clinical gait analysis.

This article provides an overview of the main 
methods of video-based analysis and possible solutions 
for its use in clinical practice, discusses the main models, 
recommendations, and discloses some of the techniques 
that may influence the outcome of clinical biomechanic 
reports. Incorrect operation of the system and improper 
technique can affect the diagnosis and worsen the 
quality of patients’ treatment and rehabilitation.

Technique of video-based analysis of 
biomechanics in clinical practice

Passive reflective markers are widely used in 

locomotion recording in most clinical video-based 
analysis laboratories. The use of such markers has 
several advantages due to their relatively small weight 
decreasing skin movements during locomotion as 
compared to active ones which have a LED and a 
battery. They are of various sizes to allow tracking 
the kinematics of movements in several joints of the 
foot in children and improve the accuracy of clinical 
diagnostic results [15]. The technique of video analysis 
implies mounting the markers on the anatomical points 
of the human body which reflect infrared radiation 
of high-speed cameras. If at least two cameras see a 
marker, its exact trajectory of movement in 3D space 
can be reconstructed with the help of special algorithms 
and calibration of the system [16].

Recording of patients’ gait in clinical practice is 
carried out with a frequency of 100 Hz and a camera 
shutter speed of at least 1/250 seconds, which is 
sufficient to reconstruct the kinematics of joint 
movements without losing data [17]. Until recently, 
laboratories had to adapt premises for video analysis 
systems using dark colors, non-shiny surfaces and 
excluding direct sunlight. Modern video analysis 
systems use improved algorithms and adjust the system 
so as to operate in almost any conditions (Fig. 2).



104

Genij Ortopedii, Tom 25, No 1, 2019

Literature review

In clinical practice, video analysis allows 
comparing the indicators of kinematics, kinetics and 
electrical muscle activity. Kinematics is recorded using 
optical cameras. The main kinematic parameters used 
in clinical reports include the joint range of motion, 
angular changes of the joints and body segments in 
three planes, sagittal, frontal and horizontal (example: 
abduction, adduction, flexion, extension, dorsiflexion, 
plantarflexion, supination, pronation, varus and valgus, 
sagittal balance and others); speed and acceleration, 
linear changes, spatial-temporal characteristics of the 
gait (speed, cadence, length and width of the step, 
temporal characteristics of the step cycles and foot 
roll-over, and others) [18–22].

Kinetic data are indicators that use the parameters 
of power platforms. These include moments (for 
example, sagittal flexion / extension moment, 
abduction/adduction moment, foot pronation/
supination moment, and others), muscle absorption/
generation powers, foot roll over center, forces of 
support reaction (in three projections), forces of joint 
response, impulse and others [23, 24].

In modern laboratories, electrical activity of the 
muscles is recorded with wireless EMG systems, 
such as Noraxon (USA). Such systems have several 
advantages: they are compact and biomechanics of 
walking cannot be distorted as there no wires.

A very important element is the synchronization 
of the recording on all devices with a trigger that 
simultaneously starts the system.

Markers are placed on the patient's body before 
launching the system for subsequent reconstruction of 
the skeleton and data analysis. The choice of a marker 
model depends on the type of study. Data recording 
is performed until 5 to 10 steps have been recorded 
with only one of the limbs on the power platform. 
Processing of the data to formulate a conclusion is 
done with automated software or "manually." It 
should be noted that the biomechanics of walking can 

vary at different speeds. Orthopaedic shoes also have 
an effect on kinematic and kinetic changes [25, 26].

Main recommendations for conducting clinical 
gait analysis 

A method which has been not well tested may 
affect the accuracy of the results in a clinical setting. 
There are general rules for working in video-based 
analysis laboratories and conducting diagnostic 
measures in a clinical setting. Sufficient space for 
recording the gait is important to allow the patient 
to accelerate gait and a normal comfortable pace of 
walking. Studies have shown that an uneven surface 
affects the work of the muscles, changes the angular 
characteristics of the joints, as well as kinetic data, 
so it is recommended that there are no irregularities 
in the patient's way [27]. Use soft color tones in the 
laboratory (bright color can affect walking, as well 
as distract the patient) and good lighting. Old people 
were slower if illumination was reduced, and patients 
with disorders of the musculoskeletal system showed 
significant changes in walking biomechanics [28].

Cameras are recommended to be installed on special 
holders under the ceiling. Calibration may fail and 
accuracy drop if cameras move (patient may touch). It is 
necessary to maintain a constant temperature of the air 
and the floor in the laboratory (low or high temperatures 
can affect walking, and high temperatures may affect the 
adhesion of markers and EMG sensors due to sweating 
of patients). It is important to prepare equipment and 
other devices for diagnosis before the patient arrives (so 
that he does not wait); it is recommended to give time to 
the patient to adapt in the laboratory so that he chooses 
a comfortable walking speed. Clinical laboratories 
of biomechanics have built-in power platforms in the 
floor that measure the kinetics (joint moments, forces 
of support reaction, foot roll over center, joint power, 
etc.), so you should find the optimal starting point for 
the patient to get at it without focusing on attention. It is 
recommended to send an information document to the 

Fig. 2 Example of examinations in clinical laboratories of walking biomechanics: a – University of Salford, England; 
b – Olga Clinic, Germany; c – RISC for RTO, Ministry of Health, Russia
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patient prior to the study so that he is familiar with the 
diagnostic method and gives his full consent (not every 
patient is ready to undress or, if there is a lot of body hair, 
consent to shaving to install the EMG electrodes). The 
patient must be warned to wear tight-fitting shorts for 
examination, or the laboratory must provide clothing for 
diagnosis. It is very important to record movements of 
the person’s body and not clothes. A sufficient number 
of successful steps should be recorded (usually 5–10 for 
each leg).

Walking speed
One of the main tasks of clinical gait analysis 

laboratories is a comparative analysis, such as 
monitoring the recovery of motor functions during 
treatment. However, the effect of the walking speed 
factor showed significant changes in the results of 
kinematics, kinetics, and lower limb EMG [29–40]. 
Walking speed has a significant impact on overall 
posture as well as on the work of the gluteus, thigh 
and lower leg muscles [37]. The most significant 
changes in gait parameters were noted as soon as 
the subjects reached a walking speed exceeding their 
usual speed by more than 20 %. A decrease in speed 
leads to a decrease in flexion of the knee joint and a 
change in the work of its moment [31].

Therefore, a comparative analysis should 
consider the speed factor, and, in certain cases, 
it should be monitored. The results of numerous 
studies lead to the conclusion that the recommended 
range of speeds in the comparative analysis should 
not exceed ± 5 %. Otherwise, it will be difficult to 
determine what influenced the results by comparing, 
walking speed or the effect of treatment. Laser gates 
or clinical treadmills are used to control the speed in 
laboratories, which can also be built into the floor.

Phases of clinical gait analysis 
The procedure of clinical recording of the 

biomechanics of movements in the laboratory 
conditions consists of the following steps: placement 
of cameras, adjustment of the recording system 
frequency, synchronizing cameras and other systems 
(EMG, power platforms, system for measuring 
plantar pressure under the feet, etc.), calibrating the 
system, the choice of data recording methodology and 
pattern of markers attachment, recording, processing 
of results, and an issue of a clinical report [17].

In order to analyze the kinematics and kinetics 
of the trajectories of the markers, it is necessary to 
determine the human segments for accurate registration 
of the rotation of joint centers. Errors in identifying 

the segments can be due to incorrect determination of 
anatomical points and attachment of markers on them; 
errors can occur if markers are adjusted by different 
people, or due to incorrectly chosen markers or skin 
movements [41–46]. Results of the studies conducted 
in the early 2000s may differ from the results obtained 
using more advanced systems that feature improved 
specifications and data processing algorithms.

It is worth noting that studies were conducted 
on the reproducibility of the results at various 
biomechanics laboratories. The results showed that 
the best reproducibility of the kinematics and kinetics 
data was achieved by controlling the walking speed 
and the installation of markers [47].

To exclude the human factor in the technique 
of placing markers on anatomical points using the 
palpation method, some researchers have proposed 
a device that helps to more correctly attach the 
markers on the patient's body and increase the 
reproducibility of the results [41, 48]. But, despite 
the fact that such devices can improve the accuracy 
of the results, their use in patients with cerebral palsy 
and other deformities of the musculoskeletal system 
is very limited. Therefore, one should use the atlas 
of anatomical landmarks to determine the centers of 
rotation of human joints by palpation [49].

IOR (Instituti Ortopedici Rizzoli) model
This model has found its wide application in 

the clinical evaluation of walking biomechanics, 
and its methodology for attaching the markers is 
well described in the literature [50]. This model is 
able to register the kinematics of all human body 
segments and calculation of the sagittal balance. The 
advantage of this model is the absence of clusters; 
therefore, EMG sensors for recording muscle activity 
can be freely adjusted. One can use the IOR-model 
with minimum system configuration (6 cameras in 
total), but it is recommended to use a larger number. 
Figure  3 (a) shows the layout of the markers. All 
markers of this model are used to build a static model 
(modeling of human body segments), and yellow 
markers (located in the medial part of the joints of 
the lower extremities) are removed during dynamic 
recording, as the patient can knock them down in 
various pathologies. IOR is a model suitable for 
clinical gait analysis of patient's low walking speed, 
which reduces the artifacts of skin movements. 
Such a model is not always suitable for running as it 
produces stronger skin movements, especially when 
analyzing the knee joint.
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Fig. 3 Models for reconstruction of human body segments in Visual3D (C-Motion), used in the analysis of walking; yellow 
markers are removed during dynamic gait recording: a – IOR model; b – CAST model; c – standard 2D model; d – simplified 
CGM model

CAST model
The CAST (calibrated anatomical system 

technique) method was proposed by Cappozzo 
and his colleagues in 1995 [51, 52]. The method is 
divided into static calibration with the construction 
of a model of the human skeleton and the dynamic 
method of motion detection using marker clusters 
with reconstruction of a static model on them. 
Figure 3 (b) shows the marker pattern for static and 
dynamic models. To identify the human skeleton 
segments, markers and clusters are used, and yellow 
markers are removed during dynamic recording. 
This method has several shortcomings: four 
markers are mounted on a plastic plate (cluster) and 
attached to each segment of the leg with the help 
of elastic bands. On the one hand, this technique 
reduces skin artifacts, and, on the other hand, the 
patient feels discomfort by walking or can change 
the nature of the gait. If the cluster is not firmly 
seated and free movements occur, reproduction of 
locomotor movements of the ankle, knee and hip 
joint is not accurate. Sometimes it is difficult to 
mount EMG sensors as the area for mounting may 
be overlapped with the cluster. If the doctor uses a 
wrong technique of attaching clusters, for example, 
on muscles, that change their volume during motion, 
then additional errors may be present in the results 
of the examination. CAST has found its application 
in sports, as clusters may be firm seated and it is 
more difficult to detach them.

CGM (Conventional Gait Model)
This model is very limited and does not detect 

the centers of rotation of the joints accurately, for 
example, the knee (Fig. 3, d). To model the skeleton, 
additional dimensions of the patient’s hip, knee, and 
ankle volumes are required to determine the center 
of the joints.

This method is very rarely used in clinical practice; 
however, with a minimum number of cameras (for 
example, 5) such a model allows for 3D-recording of 
movements.

Standard 2D model for recording in the 
sagittal plane

It is sufficient to use only two cameras for 
2D-recording of symmetric movements of the 
right and left side of the human body in the sagittal 
plane [17]. This model is the most economical for 
laboratories. However, 3D analysis is the “gold” 
standard in clinical biomechanics, since it provides 
recording of motion of segments with six degrees of 
freedom (6DOF). In the studies conducted in 2017, 
a comparative analysis of 2D and 3D video-analysis 
methods showed a relatively satisfactory correlation 
of results in the sagittal plane of the lower extremities, 
which does not refer to the frontal one  [53]. Also, 
the use of a standard 2D model limits the ability to 
analyze the kinetics of patient movements (moments, 
powers, foot roll over center and other parameters). 
The model of attaching the markers is shown in 
Figure 3 (c).
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Other models
There are other models that were used in clinical 

practice in the early 2000s, such as Vaughan, Helen 
Hayes, and mixed ones [54–56]

Oxford Foot Model
The foot is a complex anatomical structure 

consisting of a set of joints that provide movement. 
Therefore, presenting it as a single solid segment 
can affect the accuracy of results. At present, there 
are many developments of the multi-component foot 
model. However, the Oxford Foot Model has found 
the widest application. It consists of three segments 
(hindfoot, midfoot, forefoot) and is able to reflect the 
biomechanics of movement of various sections of the 

foot while walking (Fig. 4).
The Oxford foot model has demonstrated good 

reproducibility in children and adults [57, 58, 59]. 
The modeling method is described in detail in the 
articles and on the C-motion Wiki website [15, 58].

It is worth emphasizing that with shoes on, the 
attachment of markers for modeling a multi-segment 
foot becomes difficult, and special shoes supplied 
with holes are used [60, 61] (Fig. 4). However, the 
full functionality of such shoes with holes is lost if 
we compare the biomechanics of walking in shoes 
without holes [62, 63]. Therefore, to improve the 
results, it is recommended to use tight fitting footwear 
to reduce the free movement of the foot inside it.

Fig. 4 Adapted shoes for modeling a multi-component foot a [60]; b “Oxford Foot” (green points show application of markers; 
black points are joints; the triangles represent the segments lined up with this model

CONCLUSIONS

The method of video-based analysis (clinical 
gait analysis) of biomechanics in clinical practice 
is the "gold" standard for assessing the efficiency in 
rehabilitation of motor functions and treatment of 
disorders of the musculoskeletal system.

Main recommendations for researchers were 
drawn up for conducting clinical gait analysis.

The basic models of adjusting markers for clinical 
analysis of the gait in patients with cerebral palsy are 
described. It is found that the IOR model is optimal 
for clinical analysis of the gait in a patient with a low 
walking speed and under minimum configuration 
of the system (6 cameras). The Oxford Foot Model 

(Oxford Foot) is highlighted as it enables a more 
detailed reflection of the biomechanics of movements 
of various foot parts during walking.

A well-thought-out working laboratory protocol, 
a properly chosen methodology of tests as well as 
equipment and an automated analysis developed 
allow for complete diagnosis supplied with clinical 
reports within 45–60 minutes. Clinical laboratories 
are recommended to use a system consisting of 10 
to 12 cameras, two to four force platforms, and a 
wireless EMG system. The IOR model should be 
used for simulation and analysis of gait biomechanics 
in patients with cerebral palsy.
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