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The development of new rehabilitation approaches to neurological and traumatological patients requires understanding. of-normal and
pathological movement patterns. Biomechanical analysis of video images is the most accurate method of investigation and quantitative
assessment of human normal and pathological locomotion. The review of currently available methods and systems of optical human motion
analysis used in clinical practice is presented here. Short historical background is provided. Locomotion kinematics analysis using-passive
marker based systems is reviewed with special attention to the gait analysis. Clinical application of optical motion capture and analysis systems
in the diagnosis of locomotion impairment, in Parkinson’s disease with movement control disorders, stroke sequelae, monitoring of motor
function rehabilitation in patients with infantile cerebral paralysis, limb joint endo- and exoprosthetics and some other disorders is described.
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Historical background

The development of rehabilitation treatment
technologies for patients with disease sequelae
and traumas of the nervous system and muscular-
skeleton apparatus requires knowledge of locomotion
mechanisms in norm and pathology, detailed analysis
of motion disorder structure, and their quantitative
assessment [1-4]. The quantitative study of human
locomotions goes back to the first half of the XIX century,
when Weber brothers published their investigation
devoted to the time and spatial parameters of human
motions [5]. Somewhat later a photographic technique
was used to characterize the motion patterns [6, 7].
In the same period, Brown, anatomist, and Fisher,
mathematician, using the laws of Newton’s mechanics,
suggested the methods of calculating the force moments
and energy consumption in the moving limb joints [8].
The development of force platforms and the study of
walking kinetics became a real advance of the early
XX century [9]. An invaluable contribution to the study
of locomotion was made by the founder of the Russian
biomechanics Bernstein, who used kinocyclographic
method to register displacements of human body joints
by a stationary photocamera [10].

However, a wide study of locomotion became
possible only with the advent of computer technologies
[11-17]. Methods of locomotion kinematics assessment
are based on the motion capture systems [18-20].
These systems can be magnetic (calculate the position
and orientation of movement sensors with the help of

For contacts: Rukina Nataliya Nikolaevna, e-mail: rukinann@mail.ru

Human Motion Video Analysis in Clinical Practice

magnetic fields and have low noise resistance), optical
(analyze video images of the object) and inertial
(movement biomechanics analysis is performed by
receiving signals from the sensors of various modalities:
goniometric, inclinometric, accelerometric, force, stretch
sensors, etc., attached to the examined object) [21-28].

The biochemical analysis of movement video images
remains the most precise method of human locomotion
investigations [29, 30]. The first video registering systems
for locomotion kinematics study were developed at the
end of the 70’s of the XX century [31, 33]. This method
implied fixing to the examinee’s body actively reflective
markers, working in the infrared spectrum and connected
to the cameras by wires. A photosensitive matrix of
the photo cameras transformed the registered infrared
marker images to a digital row and recorded the mark
coordinates to the computer RAM with the following
graphic building of movement trajectories on the
display and calculation of their parameters [34]. Modern
systems of motion video analysis enable obtaining 3D
images of locomotion and combine video analysis
data with the analysis of signals received from other
measuring devices such as a force platform, myograph,
stabilographic platform [35, 36].

Technology and methodology of movement
kinematic study using video analysis

Video analysis (motion capture) of movements is
based on computer analysis of object's motion video
images, video capturing being performed in a noncontact
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way, without cable connection of the registering unit with
the object under study [15, 30, 37-39].

There exist two types of video motion capture
systems — marker-based (markers or sensors are
attached to the object’s body), and markerless systems,
based on computer vision and image recognition
technologies [40-42]. Markers can be active (transmit
information about their state, provide simplicity and
accuracy of information processing, but often have a
large size and, therefore, can make the motion of the
object itself difficult) and passive (markers-reflectors)
[42, 43]. Markerless technologies of video capture
analyze positional relationship of non-uniform parts of
object image on the consecutive frames and require
more complex calculations [43, 44].

At present video capture technologies, using passive
markers, are more commonly used in clinical practice.
Retro reflective sensors, the signals from which are
registered by video cameras, are fixed to the examined
object body; the data are transmitted to the computer,
where information is processed on the basis of the
specific computer model: movements of a real object are
animated and a report, allowing the analysis of visually
presented angular and linear kinematic characteristics of
the studied motions, is formed [30]. Obtaining objective
and useful information depends on the number of video
cameras, construction, quantity and location of markers,
building of the models meeting the investigation tasks,
and selection of the software package for analytical data
processing [36, 45, 46].

Passive markers, applied in biomechanical video,
usually have spherical shape, small dimensions (10-
15 mmin diameter) and small mass, they are covered with
a reflecting (i.e. directionally reflecting the light) material
[42, 47]. Directed marker illumination is performed by the
light-emitting diodes, located around camera objectives
(infrared spectrum allows conducting investigations in
the visible light); the light is reflected from the markers
and returns to the camera objective with the subsequent
detection of marker spatial coordinates.

To capture the position of the examined body
segment in space it is necessary that several cameras
work simultaneously. They should be located at various
angles in such a way, that the object is within the field of
their vision all the time [47].

There are 2D (analyzing object movement on the
plane) and 3D (more popular) motion capture systems
[48]. To gain 3D images there must be no less than 8
cameras; if more cameras are used, the accuracy
increases, but the system becomes more labor-
consuming and expensive. All cameras in image capture
systems are synchronized, and controlled by a local
computer network. The frequency of videorecording
usually amounts to 100 Hz (100 frames per second), i.e.
markers recognition is renewed 100 times/s, exceeding
several times the frequency spectrum of angular
movements in ground locomotion [43].
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The room area for video analysis must be 100-150 m?
for each camera to form binocular field of vision [47].
Camera position relationship and coordinate system of
the investigated zone are determined by a calibrating
procedure (a reference marked object with the known
geometric characteristics and location in space are used
for this purpose).

The number of markers, attached to the body
segments, depends on the task of the investigation. Not
less than 3 markers must be always within the range of
vision of minimum 3 cameras (as a plane is determined
in space by three points), in real conditions significantly
more markers are usually used to register the changes of
the body segment position in movement and overlapping
zones of different segment displacements. As a rule, the
novel video capture systems are provided with ready-
made clusters of markers in the form of plates with four
markers placed on them for long limb segments, and
caps with markers for a head, etc. [40, 47, 49].

Recognition of the shape and position of the body
segments on the basis of the information, obtained
from the sensors is the most complicated step of video
analysis [50]. There exist various approaches: with a
model or without it. The most commonly used model
is such, in which body segments (arm, forearm, pelvis,
thigh, shin, foot, etc.) are conventionally considered
as rigid (not changing their form) linear sections, the
connection between which is made according to the
principle “ball-socket” [32, 51]. In the modern video
capture systems the feasibility of building any 2D or 3D
multilink investigation models is realized, enabling the
researcher to display the segments of the locomotor
system he is interested in [29, 52, 53].

Before investigation calibration of the examinee is
performed to “tie” individual dimensions of the registered
body segments to the computer model. For this
purpose calibrating markers, which are necessary for
determination of physical dimensions of the examined
segments, are placed on him. Ascheme of marker
position and a 3D model of a man, built by a Simi Motion
program (Germany) is presented on the Figure.

Calibrating markers are placed on bone projections
of the body to indicate the borders of limbs or body
segments; exact localization of these markers is
determined by computer model applied and accepted
standards [54].

The software of the modern video analysis systems
provides initial kinematic data in compliance with the
standards of the International Society of Biomechanics.
These standards were developed by the Committee
on standardization and terminology of this Society in
order to provide comparability of the initial data of all
biomechanical studies on human kinematics, presented
by various researchers. Moreover, standards imply
the use of terminology understandable for clinicians,
making it possible to apply the results of biomechanical
investigations in clinical practice [55].

V.V. Borzikov, N.N. Rukina, O.V. Vorobyova, A.N. Kuznetsov, A.N. Belova



Marker position and 3D model of a man (Simi Motion, Germany)

Standards of biomechanical report on joint kinematics
are based on the joint coordinate system, which was
suggested as far as 1983 by Grood and Suntay for a
knee joint [56]. Standards regulate terminology, bone
reference points to define the body segment borders,
types of movements and their coordinate system (axes).
Presently such standards are developed for movement
of the foot, ankle, thigh, pelvis, spine, hand, forearm, and
arm [57, 58]. For example, apex of the medial ankle, the
most medially located point of the tibia lateral condyle,
the most laterally located point of the tibia lateral
condyle, tuberosity of tibia, the middle point between the
medial and lateral ankles, the mid distance between the
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extreme points of the tibia medial and lateral condyles
are anatomical reference points in the ankle joint
used to describe the foot movement [58]. Taking into
consideration the given bone reference points definitions
of standard anatomical planes in the ankle joint (frontal,
sagittal, transversal, torsion), neutral position in the
ankle joint, coordinate system (exes) of movements in it
are given [58].

During calibration tracking markers are placed on
the examined body not only to determine the physical
parameters of the examined body segment but to “bind”
the location of the tracking markers to the given segment
as well. When carrying on the study itself, the calibrating
markers can be removed, since the information on the
movement is based on the displacement of the tracking
markers. The program processing of the tracking marker
coordinates allows the analysis of the angular and linear
kinematic characteristics of the investigated movements,
building averaged profiles of the joint angles and angular
velocities, calculation of standard deviations, performing
comparative analysis of the results of several or one
patient investigations in different periods of time, using
reference variants for comparison [59, 60].

Application of motion video analysis techniques
in clinical practice

Human motion video analysis is used in clinical
practice to diagnose locomotive disorders and monitor
the dynamics of motor function restoration in the course
of treatment [61]. It enables the study of kinematics
(spatial organization or the geometry of motions and
their changes in time without consideration of the acting
forces), while a combined application of video analysis,
tensodynamometric platforms, and electromyography
allows investigation of motion kinetics (various force
and energy characteristics), the level of different muscle
group activity, muscular interactions and synergy of the
motional acts [47].

It is in the rehabilitation medicine that video analysis
has the most significant influence on the quality
of decision-making (optimization of kinesotherapy
regimens, assessment of rehabilitation results for
patients with infantile cerebral paralysis, or with stroke
or craniocerebral trauma sequelae), in traumatology
and orthopedics (making a decision on operative
intervention, testing orthopedic equipment), in prosthetics
and orthotics (selection of prostheses and supporting
devices) [29, 30, 54].

Video analysis helps to study the patient's gait,
movements of separate segments of upper or lower
limbs depending on the tasks to be solved [46].

A “gold standard” in studying body movements
and the most frequent type of locomotion, which is
investigated with the help of video systems, is walking
[47, 60-62]. A complete walking cycle (double-step
period) for each leg is composed of limb support and
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limb transfer phases, and is limited by the period of time
from the beginning of foot contact with the support to the
start of the next contact of the same foot with the support
[63-65]. During biomechanical videorecording a patient
walks on the marked locomotor walkway along and
outside of which video cameras are located. The object
of the video must always be within the binocular field,
i.e. must be seen simultaneously by the two adjacent
cameras. The area of the walkway within the range of
video camera coverage is called an active zone. The
length of an active zone is determined by the length of
double-steps: at least one double-step and about 50% of
its length on both sides must be captured [66].

The character and pace of the examined walking
(normal, with a support, with auxiliary devices, at a usual
or other pace) are defined by the investigation tasks [67].
For example, analyzing walking at a free pace, an object
is asked to go along the walkway with a usual speed
and at a comfort pace; having reached the end of the
walkway, he turns 180° and goes to the other end of the
walkway. In kinematic analysis of walking, movement of
the body mass center and angular displacements in the
low limb joints with computation of linear and angular
velocities and accelerations, with determination of the
shape and area of phase trajectories in the joints are
defined [68].

Bioelectric activity of muscles involved in walking
and a force reaction of the support are often recorded
simultaneously, which makes it possible to study muscle
interactions and synergy of the motional act.

Currently, various protocols and biomechanical
models of video analysis of kinematics and kinetics
of the body, pelvis, and lower limbs during walking
are used, however, data obtained on their basis, as
shown by comparative examination, correlate well with
each other and, therefore, are suitable for comparison
(59, 69].

Separate protocols are offered for children, enabling
the minimization of examination time, obtaining also 3D
data on the movements in the joints and segments of the
lower limbs [70].

Revealing pathological patterns in walking is
especially important on orthopedics and neurology.
Video analysis is of great significance in evaluation of
walking in patients with lower limb joint exoprostheses
[71]. A detailed analysis of walking in such patients allows
optimization of exoprosthesis designs [72]. However,
video analysis of motions in people with limb prostheses
has some difficulties, since anatomical parameters of
these individuals do not comply with the average indices.
This requires the development of special models of
investigation, which would allow the adequate reflection
of movements of patient’s own limb and the prosthesis
as well [48]. The strategy of creating such models for
individuals with prostheses is complicated. The analysis
of 51 investigations, devoted to this problem, showed,
that the models used in them essentially differ from each
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other [48]. Thus, in more than 60% of investigations a
traditional model was used, enabling the analysis of
movement with three degrees of freedom, in 15% the
model was able to analyze only linear motions, and
in 19% it provided the analysis of movements with 6
degrees of freedom. The differences of the models used
make it impossible comparison of data gained in various
research centers. This demands the development of
a unified strategy in the assessment of the results of
prosthetic work by video analysis of motions.

Video motion capture technologies are used for gait
assessment after prosthetic hip, ankle, and knee joint
replacement, enabling the evaluation of lower limbs
and pelvis kinematics in operated patients, stability of
endoprosthesis when moving in different planes and
with a load on lower limbs [71, 73]. Alradwan et al. [74]
carried out a detailed analysis of kinematic data, obtained
by video analysis in 58 patients with prosthetic hip
replacement. The authors came to the conclusion, that
video analysis may be an optimal method of evaluating
endoprosthetics outcomes, though the development of
a unified technology of such investigations and criteria
of functional improvement assessment are necessary.
Various characteristics of separate joints involved in
walking may be studied with the help of video analysis,
e.g. to examine instability in the ankle joint [75],
movements in the knee joint [49].

In patients with stroke, gait video analysis can
reveal pathological walking patterns and determine the
directions of rehabilitation, supplementing traditional
methods of biomechanical patient examination [67].
Kim et al. performed 3D analysis of kinematic curves at
various walking speeds in 20 patients with hemiparesis,
developed due to stroke. The investigator showed, that
even in insignificant motion disorders, when a patient
manages to maintain the walking speed comparable
with the speed of healthy people, the pattern of walking
changes greatly. Several typical patterns of pathological
gait are described, the most intensive changes being
registered in the frontal and sagittal planes, manifesting
themselves primarily by the hyperfunction of the adductor
muscles of the hip, insufficient bending in the knee
and coxofemoral joints and reduction of the dorsal foot
bending angle. The degree of disorders correlated with
the walking speed. The authors prove convincingly, that
a comprehensive analysis of 3D kinematic and kinetic
gait profiles makes it possible to stimulate selectively
the appropriate muscles and achieve a higher level of
patient rehabilitation after stroke [76].

In case of nervous system damage with impaired
movement control video analysis allows clarification of
the character of motor activity disturbances typical for
different neurological diseases [77, 78]. For example,
having examined 113 patients with Parkinson’s disease,
Likhachev et al. [79] carried out a comparative analysis
of purposeful movement indices, purposeless movement
indices and coefficients of movement usefulness, gained
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during video capturing of functionally complicated step
movement. The results of their research demonstrated
global distortion of the motor program in Parkinson’s
disease and allowed to outline criteria of revealing
objective conditions of basal ganglia damage in this
disease. The same authors investigated video analytic
profile of 34 patients with coordination impairments
(multiple sclerosis, spinocerebellar degeneration) [80]
and demonstrated that the assessment of coordination
disorders by visual signs of video analytic profiles may
be an adequate supplementation to the diagnosis
of nervous system diseases. Video analysis is used
for evaluation of movements of aged people [81],
patients with Alzheimer’s disease [78], diabetic people
[82] in order to reveal gait changes occurring in these
conditions.

In pediatric practice motion video analysis has found a
wide application in rehabilitation of patients with infantile
cerebral paralysis, enabling physicians to specify
the character of walking disorders and to control the
efficiency of the rehabilitating treatment. Titarenko et al.
[66, 83, 84] analyzed walking of children and adolescents
with infantile cerebral paralysis in the form of spastic
diplegia before and after “sensor therapy”, including
the application of reflex-loading device, multichannel
programmed electro-stimulation of muscles in walking,
functional biocontrol, etc. The authors revealed significant
disorders of kinematics in these patients in the form of
inversion of joint angle values and their correlations in
various phases of the double-step cycle in comparison
with the walk of healthy children. Video analysis of
walking in infantile cerebral paralysis was shown to be
able to assess the efficiency of rehabilitation and to
perform biomechanical adjustment control of individual
loading devices, used during rehabilitation therapy.

Motion video analysis makes it possible not only to
evaluate walking, but also movements of the patients with
some auxiliary appliances, which is critical for improving
the design of those means, providing mobility of patients
with limited walking abilities. For example, a methodology
of video analysis of upper limb kinetics (location of the
sensors, the model and protocol of investigation) in users
of controlled invalid chairs has been developed [85].
Testing of this methodology on 23 patients with lower
paraplegia showed, that different skills of controlling
the chair are accompanied by various kinematics of
upper limbs, and, respectively, by a different load on the
muscles and joints of the upper limbs. The data obtained
help to teach patients the correct skills of using the chair,
and may also be useful in designing new chairs.

The feasibility of video analysis is not limited by gait
investigation only, though methods of studying motions
in the upper limb joints with the help of this technique are
standardized to a lesser degree. Video analysis is likely
to become invaluable means for objective assessment
of hypermobility or, vice versa, limited movements in the
shoulder joint [86, 87]. There appeared works, confirming
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the expediency of using 3D video analysis of movements
in the shoulder joint as a method of controlling the
efficiency of arthroplasty or prosthetic replacement of
the shoulder joint [88, 89].

To develop methods of video analysis of hand
movements is the most complicated task (due to a
large number of joints and moving segments). Attempts
have been made to synchronize acquisition of images
using video analysis and computed tomography in
order to improve the accuracy of recording angle
movements [90].

Prospects for future development

Further development of motion video analysis
technologies in clinical practice is connected with
combined procedures of capture and analysis of kinematic
and force movement characteristics, which requires
synchronization of data gained from video analysis and
other methods [91, 92]. Application of tensometric plates
and inverse dynamic force transducers enables the
assessment of support reaction force in walking and the
values of torque for this or that movement in the joint,
whereas the use of special programs makes it possible
to calculate the expended mechanical energy [93-95].
These data are of special importance in rehabilitation
medicine.

Markerless technologies of video analysis suitable
for clinical practice are being further developed, helping
to overcome such drawbacks of marker methods as
disappearance of sensors from the field of camera vision
when limbs turn, or disappearance of part of movement
trajectory when markers are covered by the body
segments [41, 42, 96].

Great attention is paid to the improvement of
computer technologies of motion video analysis [97, 98],
and creation of portable and more affordable systems [4,
99]. Video analysis of motions acquires a special role in
connection with intensive developments being carried
on in the field of robotic medical devices and systems
[100].

Thus, motion video analysis enables clinicians to
obtain important objective information, which helps to
clarify the character of motor activity in various diseases
of the musculoskeletal and nervous systems, and control
the processes of rehabilitation. A rapid development
of computer technologies will make the investigations
of human locomotion more precise and less time-
consuming.
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