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Abstract—Monitoring motion in preterm infants is crucial to
evaluating their clinical condition and development. However, no
quantitative automated method for continuous motion monitor-
ing is currently clinically available, though innovative methods
based on camera or mattress-based sensing are being developed.

The aim of this study is to assess the use of ECG-based motion
detection methods in NICU settings. First, we compared the
motion derived from the ECG with the manual annotations from
video recordings. Then, the ECG-based movement quantification
is compared with a fiber mat-based motion detection. The
comparison between motion detection based on ECG and the
movement quantification based on the fiber mat is made to assess
the use of ECG and fiber mat information combined to overcome
the limitations of cameras.

Comparison of the ECG-based method to annotated video
demonstrates a mean (SD) AUC of 0.56 (0.10). Comparison of
the ECG-based method to fiber mat motion detection shows a
mean (SD) AUC 0.73 (0.18).

We observed that the correspondence between the ECG-based
method and the manual annotations of video recordings is not
high, but it has to do with limitations in both ECG and camera
motion detection. Using the fiber mat in addition is likely to give
a better capture of movements.

In conclusion, the combined use of ECG and optical signals
offers the possibility to perform automatic motion measurements
lasting days or weeks without requiring time-consuming manual
motion annotation.

Index Terms—movement detection, ECG, optical fiber mat,
preterm infants

I. INTRODUCTION

Annually, preterm birth (gestational age <37 weeks) affects
more than 50 million newborns. These infants show higher
risks for mortality and chronic health problems throughout
their lives [1], and often require hospitalization and monitor-
ing of the vital functions with electrocardiogram (ECG) and
plethysmography (PPG).

In addition to routine monitoring, visual observations of the
motion patterns are used to investigate baby’s clinical condi-
tion and sleep patterns, as reduced motion is associated with
diseases like sepsis [2]. Currently, assessment for movements
relies on direct observations made by caregivers or nursing
staff, which are subjective and only temporary. In order to gain
objective, quantitative and continuous information on infants
motion patterns , novel solutions are being explored to monitor
infants [3].

Monitoring preterm infants’ vital signals faces challenges
due to the infant’s fragile skin, limiting additional sensor
application. The current focus involves extracting motion
information from commonly used sensors like PPG [4] or ECG
[5], with constraints related to sensor placement and embedded
filters. Simultaneously, non-contact solutions, primarily video-
based [6] [7], offer benefits in characterizing infant behaviors
but encounter limitations like camera occlusions, lighting de-
pendence, privacy concerns and time-consuming analysis. To
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address these issues mat-based solutions using ballistography
(BSG) sensors to quantify movements are proposed.

Diverse types of mats have been investigated. For instance,
Joshi et al. [8] used an electromechanical film sensor (EMFi)
mat for infants revealing high efficacy in motion detection
(AUC=0.90) but being sensible to noise or artifacts. A 2D
solution has been evaluated by Aziz et al. [9] and showed very
high accuracy in detecting patient movements (AUC=0.97),
even though further refinements and validations are needed
for a real-time application.

In our previous study [10], we used a 2D mat developed
by Boom et al. [11], which is based on fiber optic sensors
that are able to detect pressure changes depending on light
coupling between crossed fibers. The fiber mat demonstrated
outstanding results in motion detection with an AUC of 0.91
when compared to manual annotations from video recordings.
Nevertheless, the comparison was limited by the restricted
field of view provided by the camera, resulting in under-
detection of movements. That is why a continuous and ex-
haustive method for motion detection is needed in NICU as
well as home settings.

The aim of this study is to evaluate the performance
of motion quantification using an artefacts-based detection
method from routine ECG signals. As manual annotations
is usually performed as a reference, we first compared the
ECG-based method and video-based annotations. Next, the
comparison between ECG-based and fiber mat-based motion
detection methods is made to assess the use of ECG and
fiber mat information combined to overcome the limitations
of cameras.

II. METHODS

A. Experimental Data

The dataset used in this study was collected in our previous
research [10] and included 20 preterm infants admitted to the
NICU or NMCU at the Maxima Medical Centre, Veldhoven,
The Netherlands. The median (range) gestational age (GA),
postmenstrual age (PMA), and study weight of the infants
were 29.5 (25.3-36.1) weeks, 33.3 (29.3-37.9) weeks, and
1615 (960-2725) g, respectively.

After parental written consent, each infant was positioned on
the regular mattress in the incubator or open bed, under which
the fiber mat (FM) was placed. The test duration was 2-5 hours
during the daytime, and daily routine care was provided to all
infants during the test.

A camera system (UI-3860LE-C-HQ) with a resolution of
1280 x 720 pixels and a frame rate of 10 fps was mounted
on the incubator or open bed to record the infant during the
test. Only the head and upper body were captured. The camera
and the FM were synchronized manually at the start of each
recording, using simultaneous start moment (but for the first
three infants, the synchronization was made by pressing a
corner of the FM at the beginning of the test).

The ECG signals were monitored as part of regular clinical
routine and collected from a neonatal patient monitor (Philips
IntelliVue MX 800, Germany) via a data warehouse (Philips

ECG 
data

SII 
determination

Thresholding
Binarized 

signal

FM 
data

MS 
determination 

Thresholding
Binarized 

signal

Performances 
calculation

Alignment

Fig. 1. Signal processing workflow, from raw signals to performance
evaluation. (FM = fiber mat, SII = signal instability index, MS = motion
score)

PIIC iX, Data Warehouse Connect, Andover, MA). The start
of the test is visible on the ECG traces since the ECG leads
have been disconnected from the monitor for a short period
(<60s) as part of the synchronization procedure. One infant
was excluded from the comparison between ECG-based and
fiber mat-based methods due to incorrect storage of ECG
recordings in the day of the test.

In accordance with the Dutch law on medical research
with humans, the study received a waiver from the ethical
committee due to its unobtrusive nature.

B. Data Processing

In Fig. 1, the complete processing procedure for ECG and
FM signals is shown.

The ECG signals were processed using an in-house algo-
rithm [5], which quantified motion from artefacts present in the
raw signals. The algorithm is based on the signal instability
index (SII). The SII is a non-parametric measure dependent
on kernel density estimation (KDE). Eventually, a motion
indication in the time domain was obtained from the ECG
signal [12].

Similarly, the fiber mat signals quantified a motion score
(MS), following the processing pipeline presented in [10].
The method is based on the energy and the sparsity. As a
signal associated with movement exhibits higher energy levels
and greater sparsity due to random occurrence. The metrics to
evaluate these two parameters rely on standard deviation (SD)
for the energy and the Gini index for the sparsity. Out of the
40 signals generated by the fiber mat, the 20 signals with the
highest energy and sparsity levels were selected, smoothed,
and averaged to generate the final movement signal in the
time domain.

A manual annotation was performed for the videos to
identify movements and still periods. For the video-based
annotations, no manual annotations were available for three
infants due to scarce illumination of the video recordings.
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C. Alignment

Due to delays in both synchronization procedure and in data
storage, it was not possible to rely solely on the annotated
timing of the start of the procedure to align the motion
signals. Therefore, some refinements were performed. These
were based on evaluating the cross-correlation of the SII and
MS in the first 5 minutes. The maximum value of the cross-
correlation indicated the delay between the two signals.

Minor manual adjustments were performed, when necessary,
to better align the signals based on visual inspection of both
signals.

D. Binarization of movement signals

The aligned motion signals were further processed into
binarized signals, which are easy to interpret by clinicians.

Following our previous work [10], the binarization was
based on applying an automatic threshold method. The thresh-
old was explicitly calculated for each infant, allowing for
an individualized value based on KDE within the first 5
minutes of the signals, with a bandwidth determined following
Silverman’s rule.

Eventually, the local minima of the estimated KDE were
determined, and the threshold value was evaluated depending
on both the number of local minima found and optimized
coefficients.

This procedure was applied to both SII and MS, obtaining
one threshold value for each.

E. Evaluation

The binarized signals were eventually employed to evaluate
the overall performance of ECG-based method compared with
the manual annotations of video recordings and with fiber mat-
based movement detection. In the performance evaluation, a
positive event was defined as a movement event, instead a
negative event was associated with a still event.

Specifically, the following metrics were considered: area
under the receiver operating curve (AUC), positive predictive
value (PPV), negative predictive value (NPV), and F1 score.
The mean and the standard deviation for each metric were
calculated to have an overview of the robustness of the
comparisons.

Also, the correlations between weight, PMA and GA of
each infant and AUC and F1-score were calculated to identify
the possible influence of these parameters on the results. The
correlation analysis followed Pearson’s method.

III. RESULTS

Figure 2 represents one hour for the SII from the ECG
and the MS from the fiber mat for a selected infant after the
alignment. It can be seen that the two signals show the same
information at the same time sample, despite the difference in
the amplitude scales. The third signal represents the manual
annotations.

The SII and MS binarized version is shown in Figure 2
together with the video annotations. It is easy to notice the
accordance in the three signals in detecting motion and still

periods. Moreover, it can be noticed how the ECG-based
methods relates better to the FM-based motion detection than
to the video-based one.

In Figure 3 an example of low performance comparison is
shown. A performance is considered to be low when several
parameters have a value of 0.5 or below. It is easy to notice
that the two signals capture diverse information, which are
difficult to compare. The same is reflected in the binarized
signals, which identify motion and still periods differently.
Additionally, it is worth noticing that the accordance of ECG-
based motion with the manual annotations is scarce.

Table I displays the performance results for each infant,
together with information on data availability, reported in
hours. The estimated movement signal in the ECG-based
method had a mean (SD) AUC of 0.73 (0.18), when compared
to FM motion signal. Instead, the AUC resulted of 0.51 (0.15)
when the ECG SII was compared to the manual annotations.
The small standard deviation values for each metric indicate
a good robustness of comparison.

Using Pearson’s correlation analysis of the infant’s weight
and the AUC, a negative correlation was found (r = −0.64,
p = 0.03) (Figure 4). For the GA the same was obtained,
with r = −0.44, p = 0.06 for AUC. Instead, no statistically
significant correlation was found between PMA and AUC (r =
−0.36, p = 0.13).

IV. DISCUSSION

In this study we first compared movement detection based
on ECG signals with manual annotations from video record-
ings, which are considered the standard practice to assess for
movements.

This comparison assessed the ECG’s ability to detect motion
and still periods, with an accuracy comparable with the video-
based annotations. However, threshold-dependent motion de-
tection in the ECG signals highly influences the performance
of the comparison.

In addition, despite being considered the gold standard,
manual annotations of video recordings is not faultless, as
the limited field of view and the light conditions limit the
manual annotation process. This influenced the performance of
the comparison, especially AUC results. The limited manual
annotations also influenced the availability of the signals, since
the full test could not always be annotated. In addition, manual
annotation of video recordings is a time-consuming operation.

Furthermore, the presented study compared motion scores
derived from ECG and FM signals. This comparison shows
much better correspondence, addressing better coordination
of these two signals in detecting motion and still periods.
Though both signals still capture different aspects of motions,
the ECG is optimized to be less sensitive to motion, and thus
only captures large thorax movements. Whereas, the FM also
captures limb movements.

Our previous study [5] demonstrated a scarce identification
from the ECG signals of fine movements (e.g., face or head
movements). On the other hand, the fiber mat accurately
detected those movements in the dedicated research [10].
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Fig. 2. ECG SII, FM MS and manual annotations for a selected infant, one hour of data
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Fig. 3. ECG SII, FM MS and manual annotations for a low peformance infant, one hour of data
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Fig. 4. Correlation of AUC and weight

Comparing the ECG SII with the manual annotation from
the video, it is clear that the ECG fails to recognize small
movements, like leg movements, which are sensed by the
fiber mat. This can also be addressed considering the cor-
relation of AUC and weight, which demonstrated that with
higher weights, meaning older infants, the AUC is lower. This
result can be caused by older infants presenting more small
movements than younger infants, which movements the ECG
fails in recognising. Higher NPV rates indicate the higher
correspondence of the two signals in recognizing still periods.

Another factor influencing the results can be found in the
definition of the threshold value for the ECG-based motion
detection. The automatic thresholding of the signal allows for
a specialized value for each infant, defined considering the
first five minutes of the signal. However, this value might
result not accurate over an extended period of time and may
need recalibration. Also, the method proposed in this study
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TABLE I
PERFORMANCE OF MOVEMENT DETECTION USING ECG-BASED METHOD.

MA = MANUAL ANNOTATIONS, FM = FIBER MAT
GREEN IS ABOVE 0.80, RED IS BELOW 0.50

Infant AUC PPV NPV F1 Hours
MA FM MA FM MA FM MA FM MA FM

1 0.61 0.96 0.15 0.54 0.87 1.00 0.24 0.69 1.17 2.49
2 0.48 0.92 0.12 0.27 0.82 0.99 0.12 0.42 0.95 3.84
3 0.45 0.65 0.29 0.22 0.91 0.91 0.21 0.33 0.83 1.73
4 0.58 0.51 0.30 0.28 0.82 0.72 0.38 0.32 0.64 1.24
5 0.50 0.55 0.88 0.47 0.13 0.57 0.57 0.47 1.09 3.95
6 0.56 0.48 0.65 0.22 0.43 0.80 0.29 0.24 0.97 1.46
7 0.53 0.48 0.65 0.89 0.45 0.13 0.43 0.53 0.94 4.26
8 0.43 0.52 0.19 0.85 0.77 0.16 0.24 0.20 0.96 1.63
9 ⧹ 0.73 ⧹ 0.81 ⧹ 0.33 ⧹ 0.83 ⧹ 1.27

10 0.61 0.93 0.51 0.67 0.55 0.99 0.32 0.80 0.99 4.29
11 0.42 0.55 0.37 0.14 0.45 0.87 0.47 0.22 0.99 2.29
12 0.70 0.72 0.61 0.92 0.70 0.38 0.71 0.78 0.93 1.44
13 0.73 0.54 0.45 0.35 0.44 0.71 0.29 0.50 0.17 2.88
14 0.71 0.97 0.45 0.79 0.63 0.97 0.50 0.86 0.91 2.87
15 ⧹ ⧹ ⧹ ⧹ ⧹ ⧹ ⧹ ⧹ ⧹ ⧹
16 0.56 0.91 0.33 0.63 0.50 0.94 0.49 0.70 0.50 4.06
17 ⧹ 0.90 ⧹ 0.52 ⧹ 0.97 ⧹ 0.65 ⧹ 3.49
18 0.48 0.78 0.44 0.71 0.55 0.74 0.32 0.68 0.95 4.18
19 ⧹ 0.89 ⧹ 0.79 ⧹ 0.83 ⧹ 0.78 ⧹ 3.86
20 0.62 0.85 0.62 0.51 0.46 0.94 0.70 0.60 1.39 3.98

Mean 0.56 0.73 0.44 0.56 0.59 0.73 0.39 0.56 0.90 2.91
SD 0.10 0.18 0.20 0.25 0.20 0.28 0.17 0.21 0.27 1.13

for determining the threshold value is quite simple and may
need adjustments in future work. This aspect needs further
investigation.

An additional element impacting the performance is the
alignment of the two signals. As the synchronization procedure
was not accurate enough, manual alignment needed to be
performed in some cases; the subjectivity of the operator may
influence this.

A further limitation of the study can be found in the small
dataset and the short duration of the tests. Despite being able
to assess for motion monitoring using ECG and FM signals,
generalizing the results would require a more comprehensive
study.

Comparing the presented results with the ones obtained in
our previous study [10], it is clear that the manual annotations
often is not available. By using ECG-based movement quan-
tification, which has been compared to camera observations,
a longer duration of the comparison is retrieved. Firstly, the
more extended data availability (mean of 2.91 hours, compared
to a mean of 0.90 hours of the previous study) allows for a
more comprehensive observation of the infants’ movements,
providing enhanced reliability and better monitoring. Sec-
ondly, the use of physiological signals like ECG and pressure
signals broadens the applicability of the method, since manual
annotations rely on annotators, who might employ different
techniques in annotating video recordings. Nevertheless, limits
in the ECG signal processing (i.e., thresholding technique and
alignment with FM signals) represent a challenge in using
these physiological signals for motion detection.

Overall, the study assessed the use of ECG in motion
monitoring for preterm infants. Stand alone, the ECG cannot

fully capture motion, but the combination of the information
coming from the ECG and the information based on the
fiber mat enhanced the performance in movement evaluation.
Together, they capture motion and overcome each other’s
limitations.

Long-term studies will be beneficial for extensive and
continuous monitoring of the infant, mainly concentrating on
sleep analysis. This has been proven to give insights into
the growth of the infant, which implies the development of
both brain and circadian rhythms [13] [14]. These are vital
indicators of the infant’s well-being and maturation and can
prevent important diseases, such as neurological and motor
impairments [15].

V. CONCLUSION

The study demonstrated the feasibility of using the infor-
mation from routine ECG to assess for motion monitoring
of preterm infants, allowing for continuous monitoring of
preterm babies in hospital settings for extended periods of
time. The combination with pressure signals (ballistogram
signals), obtained from an optical fiber mat placed under the
infant, enhances the motion detection.
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