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Purpose: In clinical practice, motor development in infants is assessed subjectively. Many researchers propose objective methods,
which have numerous limitations, by attaching markers or sensors to the child’s limbs. The purpose of this study is to attempt to develop
objectified numerical indices to describe the limb movements of infants without interfering with spontaneous activity. Methods: 20-minute
video recordings of three infants’ movements who were purposively selected from 51 subjects were included in the study. The procedure
of automatic calculation of head position time in 3 positions was applied. Movement features were determined to allow for the delinea-
tion of coefficients describing the movement in numerical values. Results: Presented parameters describe three infant’s movement as-
pects: quality (strength), distribution of postural tonus and asymmetry in relation to head position, described as four independent values.
Estimated parameters variability over time was weighted up according to expert observations. The presented method is a direct reflection
of infants' observation, currently performed by highly educated and experienced therapists. Conclusions: The interpretability and useful-
ness of the presented parameters were proved. All parameters estimation is fully automated. The conducted research is a prelude to future
work related to creating an objective and repeatable tool, initially monitoring and ultimately supporting early diagnosis for differentiating
normal and abnormal motor development.
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1. Introduction

Evaluation of motor development in infants is still
a challenge for physicians and physiotherapists. Early
recognition of abnormalities in this area is essential
because of the need to begin therapy, the important
goal of which is to protect the infant’s locomotor sys-
tem from dysfunction or deformities.

Various scales of the child’s psychomotor devel-
opment assessment are used in clinical practice. How-
ever, they are subjective in nature, and their effective-
ness depends on the experience, knowledge, and

intuition of the diagnostician. The disadvantage of
subjective scales is also the lack of reliable repro-
ducibility of the assessment. The most popular meth-
ods include Test of Infant Motor Performance (TIMP)
[24], Vojta’s kinesiological diagnostics [10], Alberta
Infant Motor Scale (AIMS) [25], Harris Infant Neuro-
motor Test (HINT) [15], Dubowitz Score [7], Move-
ment Assessment for Infants (MAI) [29], Peabody De-
velopmental Motor Scales (PDMS) [21], Structured
Observation of Motor Performance (SOMP I) [18],
[23] and General Movements Assessment (GMA) [9].
Two specific types of movement identified as gen-
eral movements (GMs) described by Prechtl [9] are
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an inquiring proposition for infants’ assessment in
the first five months of life. GMs include writhing
movements (WMs) occurring up to about 6–9 weeks
of age and fidgety movements (FMs) present in the
awake infant, visible from 6 weeks after birth and
present until about 20 weeks. The lack of FMs
movements can predict cerebral palsy (CP) with 95%
sensitivity and 96% specificity [26]. CP is one of the
most common causes of disability in children, occur-
ring in 2.0–2.5/1000 live births [11]. Besides, motor
deficits can often be one of the first symptoms of
other developmental disorders, including autism.
Early diagnosis of abnormal movements enables
early intervention, which exploits brain plasticity
potential and thus offers great opportunities to im-
prove an infants’ psychomotor development.

FMs are circular movements with low amplitude
and moderate speed and variable acceleration of the
neck, trunk, and limbs in all directions. They con-
stantly last, except in moments of focused attention.
They do not co-occur as other sudden movements,
such as kicking, twisting, waving arms, or during
breastfeeding. The FM analysis may proceed by as-
sessing the child recorded on video. It is based on the
diagnostician’s global observation and depends mainly
on experience and perceptual abilities. The recording
should be done in silence and without unnecessary
stimulations. A diagnostician experienced in GMA
needs only 1 to 3 minutes of video to assess general
movements. The temporal organization of FMs de-
pends on age. They appear around 6–8 weeks as sin-
gle events; later, about 9–14 weeks, their frequency
increases and then, after 15–18 weeks, decreases
again [26].

The temporal organization of FMs is defined as
follows: Continual FMs (score: ++) are frequent,
although they may be interspersed with very short
1–2 second pauses. The whole body is involved in the
movement, especially the neck, shoulders, wrists,
hips, and ankles. Intermittent FMs (score: +) occurs in
all parts of the body, but with longer pauses in se-
quences (up to about 10 s), giving the impression that
FMs are only present for half of the observation time.
Sporadic FMs (score: +/–) are limited to a few body
parts, occurring suddenly and lasting no longer than
1–3 seconds, interspersed with long pauses of up to
1 minute [9]. FMs may occur asymmetrically, which
could be related to head position. The relationship
between head position and movement characteristics
is observed in everyday life and was also reported in
other studies [33].

Numerous studies have introduced the problem of
computer-aided objective assessment of infant move-

ments. A synthetic description of currently developed
methods can be found in [31]. Most of the proposed
evaluation systems are based on GMA diagnostics
[17]. The authors use information about infant move-
ment collected in various ways and expert assess-
ments made from observations of the infant's video.
One of all popular data acquisition solutions is wear-
able sensors, i.e., accelerometers or inertial measure-
ment units (IMU) [3]. Due to the need for GMA, re-
cordings of the child are also collected in these
researches. Marker-based systems also include optical
systems that use passive, reflective markers whose
location is determined based on stereo vision systems
or several high-resolution cameras [1], [4]. The use of
elements attached directly to an infant’s limbs raises
concerns about possible effects on its motor skills. An
intuitive alternative is a video-based approach using
well-established computer vision methods, i.e., optical
flow or human pose estimation. However, this ap-
proach requires an additional data processing step to
obtain information about the location of the various
segments of the infant's body over time. This stage is
sometimes associated with image-based feature ex-
traction [34]. Nowadays, the development of human
pose estimation algorithms has contributed to their
increasing popularity in computer-aided infant diag-
nosis [13].

Currently, developed approaches are focused on
machine learning [16] and deep learning algorithms
[22] based on handcrafted features. The proposed
models learned from the labeled dataset are used
to classify recordings into those containing normal
movements or those indicating the possibility of
abnormalities in neuromotor development. These
models do not fully satisfy the need for objectifica-
tion because of their inability to interpret feature val-
ues as normal or abnormal. Additionally, they do not
provide a way to compare the infant’s spontaneous
motor skills across several recordings, which could
track therapy progress. The current state of knowledge
prompts the search for an objective, noninvasive, and
efficient way to evaluate motor development in in-
fants.

In this work, presented factors are based on land-
marks’ location resulting from applying the popular
human pose estimation library [2]. The proposed pro-
tocol is an extension of a previously proposed model
for objective assessment of neonatal motor activity [5].
The aim was to verify the interpretability of the pro-
posed parameters over time. The study involved ob-
serving changes in parameter’s values, concerning an
automatically specified position of the infant’s head
on the recording.
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2. Materials and methods

The study was approved by the Biomedical Re-
search Ethics Committee (No. 5/2018) and was con-
ducted in accordance with the Declaration of Helsinki.
The study was approved by the Bioethics Committee of
Research of the Jerzy Kukuczka Academy of Physical
Education in Katowice. All parents/guardians of chil-
dren under observation gave written informed consent
to participate in the study.

Participants

The study group consists of 153 video recordings
of 51 healthy infants aged from 6 to 16 weeks in the
period of FMs [8]. The inclusion criteria were full-
term infants from single pregnancy without adverse
medical history and worrying symptoms. All the in-
fants received the Apgar score of 10.

The study group was evaluated using the GMA by
five qualified and experienced experts with over ten
years of experience in the diagnosis and therapy of
children at one year of age. This yielded a group divi-
sion into infants presenting normative general move-
ments classified according to the FM categories: +/–,
+ and ++.

In the next step, recordings of 34 infants in the
FM ++ group were subjected to computer analysis
to automatically calculate the time of head position
in the three states: facing left (L), right (R), or
frontal (F). The three infants with the longest time
of each head position were selected for the pro-
posed motion features extraction and observational
analysis (Fig. 1).

Fig. 1. Flow diagram showing the procedure
of choosing the cases for individual analysis

Testing procedure

Recordings were made using a specially designed,
portable system in the patient’s home [6]. The stand
consisted of a lying platform with side stops, which
was soft and washable, so it met the hygiene and
safety standards. The standing frame was stable, with
dimensions of 1  1  1 m, equipped with an HDR-
-AS200V video camera (Sony Corporation, Tokyo,
Japan) placed over the center of the area where the
infant is located. The possibility of generating any
risks related to radiation or other energy that could
potentially affect the infant’s safety was minimalized.
Videos were recorded in 1920  1080 px resolution at
a 60 fps sampling rate. The platform was placed on
a stable and adequately illuminated ground. The re-
cording was repeated three times for each infant, for
about 20 minutes within two days. During the exami-
nation, the child’s position was free, lying on its back,
without any distractions. The child did not cry during
the recording. The examinations were always per-
formed around the same time of the day, after sleeping
and feeding.

Data preprocessing

The collected recordings were subjected to the
procedure of removing the distortion based on the
camera model obtained by calibration with a checker-
board pattern. Next, the region of interest containing
only the examined infant was manually indicated on
each recording. The obtained videos were used as the
input for the automatic landmark detection algorithm
using the OpenPose library [2]. The locations of the
points were preprocessed to reduce the effect of incor-
rect detection. Points with low confidence were re-
placed by previous locations. The Savitzky–Golay
filter was applied to reduce high-frequency noise [30].
To reduce the effect of the whole body movement of
the child, the locations obtained for individual frames
were shifted in such a way that the point determining
the location of the neck did not change over time.
Next, the points were rotated so that the body’s axis
was vertical to the image [20], [22].

Movement descriptors estimation

This study attempted to obtain a quantitative de-
scription of the range of movement, position, and
orientation through the parameters of the ellipse cir-
cumscribed about the trajectory from a selected time
interval. The ellipse determination algorithm consists
of calculating the eigenvectors and eigenvalues of
covariance matrices of the coordinates of trajectory
points, allowing for the determination of their scatter
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in two perpendicular directions. An additional proce-
dure was developed before circumscribing the ellipse
to reduce the effect of occasional movements deviat-
ing from their concentration's general area. The algo-
rithm for reducing such outliers was based on each
trajectory point’s interquartile distance from the mean
[5]. The proposed spatial parameters are related to two
indices computed directly from the video frames: the
current head position and the total limb length.

Limbs length

Since the analysis was performed based on the im-
ages, the obtained parameters of the surface area and
the location of the center are expressed in pixels. The
developed normalization procedure achieved the in-
dependence of the results from the image domain in
relation to the numerically determined length of the
analyzed limb. The length of a child’s limbs in the
domain of the image was automatically estimated for
each frame. Based on the location of the joints, the
Euclidean distance was estimated between three con-
secutive points. For upper limbs, the algorithm uses
shoulder, elbow, and wrist, for lower limbs, hip, knee,
and ankle. After that, the maximum length from the
obtained values was selected and set as the limb length.

This approach maximizes the probability of estimating
the actual limb length.

Factor of Movement Shape (FMS)

Factor of Movement Shape is the quotient of the
length of the minor and major axis of the ellipse (Fig. 2a),
allowing for the description of the general directions
of the movement and its global character. This factor
is the inverse of the ellipse aspect ratio. Its value
ranges from 0 to 1, and the larger the value, the more
the shape of the ellipse described in the trajectory is
similar to a circle.

Factor of Movements Area (FMA)

The surface area of the ellipse is divided by the
surface area of the circle whose radius is the distance
between the proximal and distal joint of an analyzed
limb: from shoulder to wrist for upper limb and from
hip to ankle for lower limb (Fig. 2b).

Center of Movements Area (CMA)

The averaged position of movement concentration
determines the position of the center of the ellipse.
The location of the center of the ellipse is described

A) FMS B) FMA C) CMA

Fig. 2. Movement descriptors visualization, and analytical background;
A) The minor (a) and the major axis (b) of an ellipse describing the movement of the left upper limb.
The FMS value was obtained by dividing the length of the minor axis and the major axis: FMS = a/b;

B) The maximum range of movement for the left upper limb (blue circle) and the ellipse circumscribed the example trajectory (orange).
The FMA value was obtained by dividing the surface area of the ellipse circumscribed about the trajectory (orange)

by the surface area of the circle, defining the maximum range of limb movement (blue);
C) The center of the ellipse in the coordinate system, related to the shoulder’s position, normalized to the limb’s length.

The CMA contains two components determining the location relative to the shoulder:
CMAv and CMAh (vertical and horizontal, respectively)
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using the coordinate system associated with the cor-
responding shoulder for the upper limbs and hip for
the lower limbs. The unit of such a coordinate sys-
tem is provided by the automatically determined
length of the analyzed limb (Fig. 2c). In the proposed
method of movement description, the X (CMAh) and
Y (CMAv) coordinates of the ellipse center position
determined by the trajectory of the limb motion are
used.

The values of the indicated factors are based on
the movement trajectory from the selected time inter-
val. According to GMA procedure, the determination
of movement abnormalities should take at least 3 min-
utes [9]. Therefore, the parameters’ values were de-
termined for the 3-minute time window for the entire
recording and presented as graphs to observe the fac-
tors over time and assess their variation relative to the
head position. The high time resolution was achieved
by using a low window shift value of 30 seconds. The

Fig. 3. Demonstration of the algorithm for automatic
head position determination based on the nose’s location

relative to the body axis. The body axis is marked with a green
dashed line between the neck and the hip midpoint. The forward
position is marked in green. The right and left areas are marked

red and blue, respectively. The nose’s position marked
with a yellow point shows that at the indicated moment in time,

the head’s position was defined as directed to the left

values of the factors in subsequent samples differ
from the previous ones by shifting the beginning
and the end of the window by 30 seconds relative to
the previous one. Such approach refers to expert
observation, who classify infants movement based
on current and previous states. For each time win-
dow, a set of four indices for each limb was ob-
tained.

Head position

Head position was automatically determined by
the nose’s position concerning the body axis for
each frame. The transition threshold from looking
forward to looking sideways was defined empiri-
cally as 30 pixels. The general algorithm of head
position estimation is presented in Fig. 3. Next, the
obtained values were summed up for a specific state,
and each of the three values was divided by the total
number of video frames. This yielded the percentage
of frames with a given head position. This allowed for
the choice of three recordings that represent each of
the three positions. For each recording, proposed pa-
rameters were analysed in relation to obtained tempo-
ral head position.

3. Results

The resulting distributions of the proportion of
each head positioning state across all recordings are
presented in Fig. 4.

Fig. 4. Box plots showing the distribution of the percentage
of head position on each of the 102 recordings analyzed

(34 eligible FM++ children with three recordings for each child)

Three cases differing in head rotation to the left, to
the right, and frontal positioning were selected to dis-
cuss each factor’s characteristics. Biometrical data of
selected subjects are presented in Table 1.
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The changes in individual movement parameters
over time, relative to the current head position for
selected subjects are presented in Figure 5. It can be
observed that there is a difference between infant
K034 (L) and K050 (R) in the range of upper limbs

movement (FMA parameter). Subject K001 (F), like
K034 (L), covers a smaller area (FMA) with the move-
ment of the upper limbs, and this area becomes in-
creasingly elongated as the recording progresses, to
transition smoothly from a circular to a 1:2 ellipsoidal

Table 1. Biometric data of the three selected subjects (left (L), front (F), right(R))

K034 (L) K001 (F) K050 (R)
Age [week] 11 11 13
Birth weight [g] 4050 3510 3150
Birth length [cm] 54 56 53
Recording time [mm:ss] 21:01 19:48 18:14
Head positioning 99.84% left 98.33% front 98.69% right

Fig. 5. Examples of indicator values for three selected children. The top row shows the nose’s position relative to the body axis
(blue – left side, green – center, red – right side). The next – movement descriptors: FMA, FMS, CMA respectively

(blue – left limbs, red – right limbs, solid line – upper limbs, dashed line – lower limbs)
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character (FMS). Observing K034 (L) and K050 (R)
a similar FMA trajectory is presented while FMS has
a more considerable value. FMA and CMA progress
in subject K050's observation is due to a change in the
right wrist position during the recording – a gradual
shift closer to the head and then away. For subject
K001 (F), the CMAv of both limbs is smaller – the
movement is observed below the shoulder line. In
opposite, while head rotated (K034 (L) and K050
(R)), the movement of the upper limb is located above
the shoulder line on the occipital side.

FMS may allow for the objectification of postural
asymmetry in infants in which the occipital side is
considered the less mature, which has a stabilizing
function. The upper facial limb, which may have more
freedom to experience at this time, qualitatively can

make more mature movements from the central nerv-
ous system’s perspective (Fig. 5, FMS: K034 around
6:00 and K050 from 12:00). The CMA coefficient can
provide a starting point for further analysis in terms of
muscle tone (its distribution and quality). A higher
value of CMAh indicates that the movement is per-
formed further away from the body, which suggests
better stabilization of the infant (Fig. 5, CMA hori-
zontal: K001). Movements made close to the trunk
suggest that the infant needs more stability. Observa-
tions that have been made basing only on time courses
of presented parameters are in compliance with the
experienced therapist assessment.

The exemplary changes of limb movement pa-
rameters in subsequently analyzed time intervals are
visualized in Fig. 6.

Fig. 6. Visualization of the determined descriptors for three-minute time windows with an overlap of 2:30,
from 6 min 30 s to 15 minutes. For each limb, the point displacement trajectory is determined (wrists and ankles, respectively)
along with the indication of the dimensions and the center of the determined ellipse. The following images show the transitions

between successive analyzed time frames
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4. Discussion

It is possible to observe a reflection of the move-
ment characteristics of individual cases in individual
movement parameters. FMA and CMA are character-
ized by low variability over time when stable head
position conditions are maintained. Increased FMA
for both upper limbs characterizes the time interval
involving the intermediate states. No differences were
observed in FMA and FMS parameters for the facial
and occipital sides. For the infant looking straight
ahead, the value of the FMS parameter for the lower
limbs is smaller than for these looking to the side.
The more elliptical nature of the ankle displacement is
due to repeated full range knee flexion and extension.
For the L and R cases, FMS has a more considerable
value with a similar FMA. This means a greater vari-
ety of motion in both directions (down-top and right-
left) with a smaller range of motion.

CMA has less variability over time than FMA and
FMS, both the horizontal and vertical components. In
the frontal position, the CMAv of both limbs is smaller
– the movement is below the shoulder line. In head
rotation, the movement of the upper limb is located
above the shoulder line on the occipital side. A change
in the CMA of one side for both components causes
a change on the other side. It is not always symmetri-
cal, i.e., an increase on one side causes an increase or
decrease on the other side. A natural limitation of the
proposed metrics normalization method is that the
limb needs to occur parallel to the camera plane for
automatic length measurement. It requires a recording
of movement, which is long enough to catch the men-
tioned position.

In this study, it was possible to record differential
motor patterns specific to the child’s facial and occipi-
tal sides. The observed movement patterns are charac-
teristic of the typical distribution and quality of muscle
tone in asymmetrical tonic neck reflex, the dominance
of which occurs during 8–12 PMA. The parameters
may contribute to developing a reliable tool for assess-
ing the quality of movement independent from the ex-
aminer’s experience and the potential interference in
the examined infant’s spontaneous activity. According
to the head position distribution analysis the head posi-
tion varies during the recording in most cases. The
frontal position is the most stable and is usually the
longest part of the recording. The sideways position is
presented throughout the almost whole recording less
frequently than the frontal position.

The presented objective temporal and spatial de-
scriptors of infant movement allow the translation of

a numerical value into a specific observed feature of
infant movement. In other research on attempting to
aid diagnosis using artificial intelligence methods,
standard motion features are used: optical flow [32],
background subtraction [34], histogram-based features
[22], or frequency features [28]. The proposed new
metrics are not only interpretable but also effective in
machine learning solutions [5]. They are an extension
of kinematic parameters such as velocity and accel-
eration [19], [20] with numerical values that charac-
terize the movement in space: range, location, and
directional variation.

The general motion analysis, which was first de-
scribed by [27], is performed based on video record-
ings from the first months of an infant’s life. Specific-
ity, sensitivity, and positive and negative prediction
values proved to be excellent for predicting motor
dysfunctions [12]. One of the critical parameters for
qualitative assessment of general movements is time
variability: infants who present normal movements
regularly produce new movement patterns, while ab-
normal movements have a stereotypical quality [14].
The authors mentioned above proposed the first sim-
ple example to illustrate the differences between nor-
mal and abnormal movements.

Our previous work [6] attempted to identify spe-
cific characteristics of features. The selected parame-
ters of spontaneous infant movements were measured,
and quantitative indicators describing these movements
were obtained. Consequently, an optometric prototype
of a model for the evaluation of spontaneous move-
ments was developed. The proposed model for the
evaluation of spontaneous movements of infants en-
sures the objectivization of evaluating the infant de-
velopment based on quantitative factors expressed as
numerical values. In the above-mentioned study, the
authors attempted to distinguish a set of characteristics
allowing for an objective and quantitative description
of various aspects of spontaneous infant movements.
Basic kinetic parameters (speed and acceleration) were
analyzed. The other proposed parameters were aimed
to characterize the range of movements (parameters of
the ellipse circumscribed about the point trajectory)
and identify the location of its highest density (mean
value) for a specific time interval (in this paper, the
analysis was conducted for 3-minute recordings).

During infancy, head positioning can affect whole-
body positioning and control. The selection of record-
ings characterized by the greatest stability of head
positioning allowed for the elimination of the influ-
ence of the variability of this factor on the analyzed
temporal and spatial motion descriptors. The aim was
to propose a way to objectify the evaluation of quali-
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tative aspects of the movement. The proposed method
for automatically determining head positioning on
video frames provided quantitative information about
its variability. This stage of our study attempted to
transfer another aspect of General Movement Assess-
ment methodology into a fully-automated system
(Objective System of Evaluation and Support in Early
Childhood – OSESEC). In subsequent studies, it is nec-
essary to verify the possibility of measurement error,
especially when observing infants with dysfunctions.
Further studies should also consider the effect of head
position variation overtime on the proposed parame-
ters. Analysis of the entire group of subjects will al-
low verification of correlations between factors and
identification of repeating patterns in feature space,
e.g., using unsupervised machine learning methods.

5. Conclusions

The proposed FMA, FMS, CMS factors provide an
objective measure of qualitative aspects of infant limb
movement. Analysis of participants with uniquely de-
fined head position (F, L, R) showed objective variation
in each indicator for the listed head control variants. This
study compares limb movement features in relation to
head position, which is a crucial aspect of movement
assessment. Our further work will be to develop de-
scriptors that characterize trunk activity. Based on the
quantitative factors already developed and under devel-
opment, an attempt is planned to create a tool for a com-
prehensive, objective assessment of infant movement.

The qualitative analysis of movements, especially
the spontaneous movements of infants, is a source of
many difficulties for researchers around the world.
Computer analysis of general movements allows for
the computation of the positions of the limbs in all
degrees of freedom of movement. The movement is
described repetitively and quantitatively. It is possible
to identify the complexity and variability of move-
ment, which are critical for spontaneous movements.
The objective analysis of infant movements can pro-
vide valuable support for the decisions made by both
doctors and for physiotherapeutic practice.
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and publish the obtained results including registered images.
Personal data and the images of patients were collected and proc-
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