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Functional age estimation through neonatal motion
characterization using continuous video recordings

Sandie Cabon, Raphaél Weber, Antoine Simon, Patrick Pladys, Fabienne Porée and Guy Carrault

Univ Rennes, CHU Rennes, INSERM, LTSI - UMR 1099, F-35000 Rennes, France

Abstract: The follow-up of the development of the premature baby is a major component of its clinical
care since it has been shown that it can reveal a pathology. However, no method allowing an automated
and continuous monitoring of this development has been proposed. Within the framework of the Digi-NewB
European project, our team wishes to offer new clinical indices qualifying the maturation of newborns.
In this study, we propose a new method to characterize motor activity from video recordings. For this
purpose, we have chosen to characterize the motion temporal organization by drawing inspiration from sleep
organization. Thus, we propose a fully automatic process allowing to extract motion features and to combine
them to estimate a functional age. By investigating two datasets, one of 28.5 hours (manually annotated)
from 33 newborns and one of 4,920 hours from 46 newborns, we show that the proposed approach is relevant
for monitoring in clinical routine and that the extracted features reflect the maturation of preterm newborns.
Indeed, a compact and interpretable model using gestational age and three motion features (mean duration
of intervals with motion, total percentage of time spent in motion and number of intervals without motion)
was designed to predict post-menstrual age of newborns and showed an admissible mean absolute error of 1.3
weeks. While the temporal organization of motion was not studied clinically due to a lack of technological
means, these results open the door to new developments, new investigations and new knowledge on the
evolution of motion in newborns.

Keywords: video, motion, premature newborns, neonatal intensive care unit, monitoring, neurobehav-
ioral development, machine learning.

1 Introduction

In recent years, the collection of large volumes of data associated with machine learning algorithms made
possible to investigate new decision support tools. Today, there is a growing interest to bring these tech-
nologies into the clinic to improve patient care [1]. In this context, the European project Digi-NewB was
conducted to propose methods to meet clinical monitoring needs [2]. Its goal was the continuous monitoring
both to detect potential diseases and to evaluate the maturation of the newborn brain. The latter, related
to neurodevelopmental outcome, is an important criteria for discharge home and is the focus of this paper.

Premature newborns, i.e., born before a Gestational Age (GA) of 37 weeks, are hospitalized in Neonatal
Intensive Care Units (NICU) where their vital functions, such as cardiac, cerebral and respiratory activities,
are monitored. In addition to electrophysiological signals, other types of information (e.g., motion, vocal)
have been shown to be relevant to assess newborns’ development and health [3]. But nowadays, they are
rarely studied because they usually require visual observations in the presence of newborns.

Motion is one of the most studied behavioral components of preterm newborn. Most of the studies on
newborns’ motion relied on general movement assessment, which provides a qualitative motion analysis for
cerebral palsy detection [4-6]. In the field of neonatal seizures (see [7] for review), motion quantification
methods have been applied to represent the motion globally [8] or locally [9]. It was also shown useful
in the context of sleep staging whose organization reflects the brain maturation [10,[11]. Indeed, sleep
staging is mainly based on motion temporal organisation analysis (e.g., motion and non-motion periods
characterization, in terms of periods number, duration). Motor activity information can be extracted from
direct sensors (accelerometers [12], electromagnetic sensors [13] or pressure mattress [14]), or using video



cameras [8-10}/15,/16]. Among them, video has the advantage to be entirely non-invasive and contact-less.
Thus, it limits the risk of infection and preserves the comfort of the newborns. However, videos need to be
processed to retrieve the motion information. In early works, motion analysis was manually performed [10,17].
But visual assessment, besides being time consuming, is also expert-dependent. More recently, thanks
to the improvement in video processing, automated methods have been proposed to characterize motion
[5L819,(15L/16]. In these studies, authors first estimate motion activity as a temporal motion series [8,(9)/15]
or as a velocity field [5,[16]. From there, amplitude [8|15], duration [5,9] or frequency [5] features are
computed.

Nevertheless, on the one hand, these studies were carried out on short recordings, and, on the other hand,
under non-realistic NICU conditions, making it impractical to integrate them into continuous monitoring
tools. Challenges induced by such context are numerous as described in |1§]. Some of them were recently
tackled such as the automatic detection of adults in the camera field [15] or the detection of periods of sole
presence of the newborn [19]. But these works are only components that still need to be combined to achieve
a fully automatic characterisation of the motion of newborns adapted to a continuous monitoring.

Moreover, the evaluation of maturation based on either automatic or observational characterization of
the motor activity during the whole hospitalization of preterm newborns has never been investigated in
the literature while, as previously mentioned, its importance in the analysis of many pathologies has been
underlined.

This led our team to propose a new approach to integrate motion analysis within the objective of non-
invasive monitoring of the neurobehavioral development. We hypothesize that the motion temporal orga-
nization (duration of motion and non-motion intervals, numbers of these intervals) reflects the newborn
maturity, such as the organization of sleep stages. Secondly, we suggest that these motion features can be
used to estimate a functional age that should be in accordance to the true Post-Menstrual Age (PMA) of the
newborn to consider that he/she is developing properly. For this purpose, contributions of this work consist
of:

e The collection of videos of newborns with a wide range of GA and PMA, recorded in real context of
NICU;

e The development of a fully automated process to characterize temporal organisation of the motion
composed of motion estimation, motion segmentation (to retrieve motion and non-motion intervals)
and motion features extraction;

e The fusion of motion features to build a unique indicator called “Functional Motion Age” (FMA).

This paper is organized as follows. Materials and methods are presented in Section[2] Section[3]is devoted
to the validation of the motion features extraction process and the evaluation of the FMA estimation for
monitoring temporal motion organization in preterm newborns. This paper ends with a Discussion (Section
1)) and a Conclusion (Section [5)).

2 Materials and methods

The global framework of our method to estimate and characterize the motion of newborns from video
recordings of long duration is depicted in Figure It is composed of five steps, which are described in
this section: motion estimation, detection of sole presence of the newborn, motion segmentation to retrieve
motion and non-motion intervals, motion features extraction and estimation of the FMA.
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Figure 1: Overview of the proposed approach to characterize motion from videos in newborns: 1) motion
estimation, 2) detection of sole presence of the newborn, 3) motion segmentation to retrieve motion and
non-motion intervals, 4) motion features extraction and 5) estimation of the FMA.



2.1 Data acquisition

Video recordings were acquired in the scope of the Digi-NewB project [2]. This study received ethics approval
from the Ouest IV Ethics Committee (reference number 34/16) and one of the parents of each newborn gave
its signed agreement to take part to the study. Nineteen acquisition devices were deployed in six French
hospitals. Acquisition devices embedded two near-infrared cameras with a resolution of 752x480 pixels
(FMVU-03MTM-CS), which provide grayscale images. Video streams were recorded at Fs = 25 frames per
second with MPEG-4 encoding. Cameras were placed between 30 and 80 centimetres of the infant head and
were oriented in order to see newborn entirely at the feet and inside for incubators, at the head and outside
for radiant warmers and cradles (see |18] for a more detailed description). In this work, data from a single
camera per recording were studied.

2.2 DMotion estimation

In literature, three classes of methods can be distinguished for motion estimation in newborns: inter-image
difference, optical flow and block matching [3]. In this study, we focus on inter-image difference since it
allows a global quantification of motion, which is sufficient for the characterization of the temporal motion
organization. In addition to the fact that the distance between the newborn and the camera is changeable,
newborns are usually very covered, in a very dark environment, making more sophisticated approaches
oversized. Thus, raw motion series M (t) are built from the number of changing pixels between consecutive
frames [11}/15], as follows:

M(t) = Card(I(t,p) — I(t - 1/F..p) > Ty) 1)

where Fy corresponds to the video frame rate, I(¢,p) is the intensity of the pixel p at current time ¢,
I(t—1/Fg,p) is the intensity of the pixel p at previous frame. T}, is a change in intensity threshold, set to 10,
which limits the influence of noise related to the sensitivity of the camera on M (¢). This value was defined
by studying histograms of change in intensity between images of videos of empty rooms, which is equivalent
in decision theory to adapt the threshold under the hypothesis of no event.

2.3 Detection of sole presence of the newborn

The aim of this step is to discard unusable periods of video due to adults’ interventions (i.e., adults in the
camera field and absence of the baby from the bed) and to focus on periods of sole presence of the newborn
in the bed. This point has been less investigated than motion estimation but some recent papers proposed
to automatically detect periods of sole presence of the baby with deep learning techniques [19].

In this paper, we use a method recently proposed by our team, which relies on the classification of still
images using deep transfer learning [20]. Figure gives an overview of the method. Two binary classifications
are performed: newborn absent vs present, and adult absent vs present. Bottleneck features are extracted
from a neural network pre-trained with ImageNet [21] and are the input of a support vector machine classifier,
which outputs a binary decision. Then, a temporal smoothing of the binary decisions is performed. Lastly,
the two binary decisions are fused in order to output a three-class decision: adult & newborn present,
newborn absent and newborn solely present. Finally, it provides a temporal indication of when the baby is
present and alone in the video. This allows to replace values corresponding to not exploitable periods of the
motion series M (t) by missing values.

A separate model was created according to bed type: incubator and open bed. For incubator, the pre-
trained neural network is MobileNetV2 [22] for "newborn” classification and InceptionV3 [23] for ”adult”
classification. In open bed, the pre-trained neural network is VGG16 [24] for both "newborn” classification
and ”adult” classification.



2.4 Motion segmentation

First, a ground truth had to be built from manually annotated data. Then, the proposed automatic motion
segmentation relies on a three-step strategy. First, a pre-processing is applied to clean the motion series
from noisy components. Secondly, a motion/non-motion classification is performed on each frame. Thirdly,
a clustering is used to merge and discard short motion and non-motion periods. Strategy for optimizing
these steps, according to ground truth, is given at the end.

2.4.1 Motion/Non-motion annotations

A manual motion segmentation needed to be done to obtain a ground truth. For this purpose, an expert
visualized a subset of videos and labelled motion intervals using ViSiAnnoT (Video Signal Annotation Tool).
It is an open-source Python package, developed by our team, that provides a graphical user interface for
the visualization and annotation of video and signal data [25]. The instructions about installation may be
found at the following link: https://pypi.org/project/visiannot. From there, a motion/non-motion
reference segmentation was built by associating a value of 0 for a sample belonging to a non-motion interval,
1 otherwise.

2.4.2 Pre-processing

Two pre-processings are applied to get clean motion series M.(t): median filtering and correction of flashing
artifacts.

Median filter: A median filter of size s was used to remove artifacts resulting from sudden light variations
(e.g., switching on/off) that induce localised high-amplitude peaks in the motion signal M (¢).

Correction of flashing artifacts: The second pre-processing is related to the photo-detector used to
measure blood oxygen saturation (also called pulse oximetry). Although the flashing is invisible to the
naked eye, it is captured by the infrared camera. Its impact varies from one recording to another, but also
throughout a single video. In fact, when the detector is placed on one of the newborn’s foot or finger, it
may be hidden by the blanket and have no impact on motion series. Reversely, when the baby moves and
the photo-detector becomes discovered, a noise impacts M (t) more or less significantly depending on the
reflection of the flashing on the blanket. An example is presented in Figure

To reduce the impact of artifacts, we first apply a n-order Butterworth filter. Two filtering strategies were
investigated: lowpass with the cut-off frequency f; and band-stop with fy; and fyo frequencies. Then, we
use the Baseline Estimation and Denoising with Sparsity (BEADS) algorithm [26] to retrieve a flat baseline.
This method is based on the hypothesis that the vector of observations y(¢) can be modelled as:

y(t) = x(t) + f(t) + w(t) (2)

where x(t) is a sparse signal, f(¢) is a low-pass baseline and w(¢) is a stationary white Gaussian noise. The
sparse signal x(t) is based on two parameters: the asymmetric ratio of peaks r and a regularization parameter
amp. Baseline f(t) is adjusted by two parameters: the filter order d and the filter cut-off frequency f.. As
the shape of our signals is similar to that studied by the authors of the BEADS algorithm, we use the
parameter values they proposed, as follows: d = 1, f. = 0.01, r = 6, amp = 1. The source codes provided
by the authors are available at:https://github.com/hsiaocy/Beads!

2.4.3 Motion/Non-motion sample classification

The aim of this step is to define a set of features for motion and non-motion binary classification in order to
get an automatic labelling for each sample. In the literature, several groups tackled pathology classification
(e.g., cerebral palsy, neonatal seizure) using features (e.g., trajectories, speed or acceleration) computed
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Figure 2: Example of a motion series M (¢) without (in green) and with pulse oximetry flashing (in red) with
associated images.

from motion @, However, these features are not appropriate for a motion/non-motion classification
of sample and difficult to compute when newborns are covered with a blanket.

We therefore propose to work with a feature set that has been proven to be effective in a similar problem,
namely electroencephalographic (EEG) burst detection [29]. Features are of three types (amplitude, statis-
tical, energy) and computed on windows of w seconds centred on each analysed sample. They are reported
in Table[l] These features are used as an input to classification algorithms in order to label each sample as
motion (”1”7) or non-motion (”0”). We investigated the following algorithms: Logistic Regression (LogR),
K-Nearest Neighbors (KNN) and Random Forest (RF).

2.4.4 Temporal clustering

A final temporal clustering is performed in order to get a motion segmentation signal S(t). If a motion
interval appears less than five seconds after another, the two intervals are merged. Then, all motion intervals
that last less than two seconds are eliminated (see Figure [3). These values were defined on the basis of
literature values [8], as well as from the experience acquired during scoring,.

2.4.5 Tuning of pre-processing parameters and hyper-parameters of classification models

For each of these steps, parameters and hyper-parameters are optimised with the aim of maximizing the F1-
score. The choice of this metric is supported by the fact that the number of non-motion samples is far greater
than the number of motion samples. Grid search and Leave-One-Group-Out (LOGO) cross-validation, where
a group is defined as the set of recordings of one given baby (i.e., because several recordings of a same newborn
can be part of a dataset), was performed in order to identify best hyper-parameters. The summary of the
tuning of these parameters is presented in Section [3.31]



Table 1: Input features for motion/non-motion classification. Each feature is computed on a window of w
seconds with n = w.Fy samples (Fy = 25).

Feature Description
M, M,,_1, Differences in amplitude between the maximum and minimum motion values
M1 in the current, previous and next window respectively.
DM Maximum of absolute motion values of the first order derivative
DM = maxy—1 . n{| Mc(k) — M.(k—1) |}
Sd Standard deviation
Kt Kurtosis
NL Non Linear Energy Operator |30
NL = % ZZ:]_ Mc(k)Mc(k - 3) - Mc(k - 1)Mc(k - 2)
RMS Root Mean Square
AD Averaged differentiation
AD = 570 | Me(k) — Mo(k —1) |
Motion/Non-Motion sample classification Motion segmentation signal S(t)
<5s <2s
1 — ping
0
0 t 0 t

Figure 3: Tllustration of the temporal clustering step: motion intervals occurring within 5 seconds of each
other are merged and motion intervals of less than 2 seconds are deleted.



2.5 Motion features extraction

Once the motion segmentation is performed, we characterize the intervals by different features. These features
were proposed in order to describe motion and non-motion intervals in terms of duration and number. The
whole features set is reported in Table 2] It has the particularity of being independent of the amplitude,
which is influenced by external factors like the baby size or the recording conditions (e.g., shadows, zoom,
blanket).

Table 2: Definition and naming of the motion set of features.

Feature From motion From non-motion
description intervals intervals

Total duration (ratios) TotalWithMotion TotalWithoutMotion
Mean duration (seconds) MeanWithMotion MeanWithoutMotion
Median duration (seconds) MedianWithMotion ~MedianWithoutMotion
Maximum duration (seconds) MaxWithMotion MaxWithoutMotion
Standard deviation of duration (seconds) SDWithMotion SDWithoutMotion
Relative standard deviation of duration (seconds) RSDWithMotion RSDWithoutMotion
Number of intervals (scaled to an hour) NBWithMotion NBWithoutMotion

These features are computed on sliding windows of 5 minutes with 50% of overlap. Additionally, in order
to work with relevant features, only windows with more than 75% of sole presence of the newborn are kept.
This last constraint, in addition to the remaining missing values, can lead to a non-complementary between
motion and non-motion features, which justifies that we study all of them.

In case of a long duration recording, features of the first 5 hours of exploitable data (i.e., sole presence of
the newborn) are kept. At the end, each recording was summarized by the medians of the features meaning
that 14 features were obtained on these 5 exploitable hours. This approach, although strict, is a precaution
taken to ensure that motion features from different recordings will be comparable to each other while keeping
enough records to build.

2.6 Functional motion age estimation

In order to build an estimator of the FMA, regression approaches have been investigated to fuse motion
features. For that purpose, models were trained by targeting PMA (in weeks). In this section, we present
our approach for selecting features, training and evaluating regression models.

2.6.1 Feature selection

An initial feature selection is made. In fact, too many features and particularly highly correlated ones can
bring noise in models and/or may lead to overfitting. When high Pearson’s correlation (>0.95) are obtained
between two features, only one is kept (i.e., the one with the highest Pearson’s correlation with the target).

2.6.2 Evaluation and training of regression models

Three regression approaches were investigated: Linear Regression (LR), Random Forest Regression (RFR)
and Support Vector machine Regression (SVR).

LOGO cross-validation was performed in order to compare model and to identify best hyper-parameters
of models. The process of training and evaluating the model is performed several times as follows (see

Figur:



e Train and validation split: data of one newborn are kept for the validation, all others are used in the
training set.

e Data transformation: each numerical variable of the training set is converted into its Z-score (i.e.,
standardization).

e Training a RFR, SVR or LR model: this is performed on the training set, using a current set of
hyper-parameters.

e Application of the resulting model on the validation set.

At the end, a final training is made on the entire dataset for an application of models on a test set. The
finally used hyper-parameters were the ones leading the lowest Mean Absolute Error (MAE) during LOGO.
This metric allows to easily interpret the errors as they are directly expressed in weeks. The summary of
the tested hyper-parameters using grid search is given in Section [3.4.1]

2.6.3 Interpretability

The importance of each feature in regression models was also studied. We retrieved coefficient related
to each feature for LR. To compare, feature importance scores were retrieved for RFR and SVR models.
Although intrinsically present in RFR models, this information is not directly available for SVR because a
transformation is first applied to the feature set. Therefore, to obtain the importance of the motion features,
we applied a model-agnostic method: permutation feature importance [31].

From there, to enhance interpretability, we intend to investigate the most compact model using a minimal
number of features. For LR, features with the highest regression coefficient will be kept. For RFR and SVR,
the most important features will be defined as the ones with a permutation importance greater than 0.10.

Then, we proposed to look dynamics of the features of used in the best regression strategy. It was built
by processing videos of a control population to get one motion feature set by recording. In a second step,
data of the entire population were clustered in two-week PMA intervals. From there, mean value and 95%
confidence interval were calculated among all the newborns for each of these intervals and for each feature.
This resulted in expected dynamics of each motion feature.

3 Results

3.1 Video datasets

In order to evaluate and study the relevance of our approach, two datasets were extracted from the Digi-NewB
database: a Segmentation Dataset (SD) and an Healthy Preterm Dataset (HPD). The first one was built
to evaluate the motion segmentation method and the accuracy of extracted motion features, and manually
annotated. The second one was constructed to evaluate FMA estimation and discuss the clinical relevance
of the motion feature set.

3.1.1 Segmentation dataset

SD is composed of video recordings of 33 newborns with a high range of GA (from 25.3 to 41.6 weeks). A
set of 57 recordings of 30 minutes was selected. Video data are selected for each of the six hospitals of the
Digi-NewB project. In order to challenge our segmentation method, balance was forced between recordings
with (29 recordings) and without (28 recordings) flashing throughout the recording during the selection. In
real life, flashing only appear at some periods in the recording and its presence is not known by advance.
For each category, a particular attention has been paid to the distribution of recordings in incubator or open



bed. The expert annotated each video recording of the dataset for a total duration of 1,710 minutes and a
wide range of included PMA. The dataset description is summarized in Table 3] and the distribution of the
GA and PMA ages are shown in the Figure[dl We can observe that GAs are more concentrated in the range
[26-32 weeks]. This is related to the choice to select babies who were passing through different environments,
thus those with the lowest GAs. In addition, a gap between 32 and 34 weeks PMA can be observed. It is due
to the balance between recordings with flashing and without flashing and to the balance between recordings
in incubator and open beds that we intended to capture.

Table 3: Clinical content and recording settings of SD (segmentation dataset).

CLINICAL/RECORDING DATA
Number of newborns 33
Gender 14 females and 19 males

Hospital id (number of babies) | 1 (16), 2 (1), 3 (8), 4 (3), 5 (4), 6 (1)

Number of recording sessions 57 (33 in incubators)

Duration per recording 30 minutes

Flashing in recordings 29 with (58.6% in incubators) and 28 without (53.6% in incubators)

GA distribution

PMA distribution

26 28 30 32 34 36 38 40 42

Figure 4: Post-Menstrual Age (PMA) and Gestational Age (GA) distribution (in weeks) in the Segmentation
Dataset.

3.1.2 Healthy preterm dataset

HPD includes video data from 46 preterm newborns with a high range of GA (from 25.6 weeks to 41.6
weeks), corresponding to a total of 205 recordings available in the Digi-NewB database with a PMA range
between 26.1 and 41.7 weeks. Recordings last 24 hours each. This population has been retrieved after a
careful examination of medical records by two neonatologists. They identified preterm newborn without any
of the following exclusion criteria: chest compression for resuscitation at birth; severe neurological lesions
(intraventricular haemorrhage of grade 3 or 4, white matter lesions, hypoxic-ischemic encephalopathy); early
or late onset sepsis; enterocolitis; severe malformations; and preterm infants with a birth weight lower than
the 10th percentile for their GA. Secondly, they verified that infants presented trajectories during the entire
period of observation that could be considered normal for their GA. Finally, this population was randomly
divided into two parts: 2/3 for training and 1/3 for testing (see Table 4| and Figure |5)).
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Table 4: Clinical content and recording settings of HPD (Healthy Preterm Dataset).

CLINICAL/RECORDING DATA (train-validation) | DATA (test)

Number of preterm newborns | 31 15

Gender 9 females and 23 males 8 females and 7 males
Hospital id (number of babies) | 1 (17), 3 (8),4 (1), 6 (5) | 1 (8),3(3),4 (1), 6 (3)
Number of recording sessions | 113 (41 incubators) 92 (61 incubators)
Duration per recording 24 hours 24 hours

Train-validation
GA distribution
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PMA distribution
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Figure 5: Post-Menstrual Age (PMA) and Gestational Age (GA) distribution (in weeks) in the Healthy
Preterm Dataset.
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The selection of newborns by neonatologists was focused on the care pathways and not on the search
for a balance in terms of age. We can therefore note that GA are not well balanced, especially on the test
set. However, PMA ages are much better represented for both train-validation and test sets. To verify that
the random selection does not create a divergence of distribution between train and test sets, we performed
Kolmogorov-Smirnov tests [32] between GA of the train set and GA of test set and between PMA of the
train set and PMA of the test set. No evidence of belonging (i.e., p-values < 0.05) to different distributions
was revealed (p-value=0.19 and p-value=0.34, respectively).

3.2 Software and platforms

Experiments presented in this study were performed using Python 3.7.3. Machine learning developments
were made with the support of scikit-learn 0.23.2 and statistical analyses were conducted using scipy.stats
1.6.0.

3.3 Evaluation of the motion characterization

In this section, the motion segmentation approach is studied. The tuning of the pre-processing parameters
and hyper-parameters is firstly described. Then, methods are evaluated from two angles: sample by sample
performance of each classifier and accuracy of the resulting extracted motion features. Experiments were
conducted on the Segmentation Dataset.

3.3.1 Tuning of pre-processing parameters and hyper-parameters of motion/non-motion clas-
sification models

Parameters were tuned for each of the three classification approaches (KNN, LogR and RF). In each case,
LOGO was performed. Parameters at different levels of the segmentation method were optimised, such as the
window size of the median filter, the frequencies and filter types of the baseline modelling, the window over
which features are calculated for classification, and the hyper-parameters of the three learning approaches.
Table [5| summarizes the tests conducted for each parameter.

Table 5: Summary of the tuning of pre-processing parameters and classifiers hyper-parameters for
motion/non-motion classification. KNN stands for K-Nearest Neighbors, LogR stands for Logistic Regression
and RF stands for Random Forest. For each classifier, we give the values selected by parameters tuning.

Selected values

Method Parameter Tested values KNN LogR | RF
Median filtering s 1,5,7, 11 5 11 7
Butterworth filtering | Lowpass f; 1.5, 3, 6, 8.5, 10 - 8.5 -

Bandstop [fu1, fo2] | [1.5, 3.5], [1.5, 6.5], [1.5, 9], [1.5, 11] | [1.5, 6.5] | - [1.5, 3.5]
Features extraction w 1,2,5 1 2 2
KNN classification Nneighbors 1, 5,10 1 - -

weights uniform, distance distance | - -

D 1, 2 (when weights = distance) 1 - -
LogR classification c 10e-3, 10e-2, 10e-1, 1, 10 - 10e-2 | -
RF classification Nestimators 1, 5, 10, 50 - - 50

criterion entropy, gini - - gini

Final parameters (i.e., the ones that led to the highest F1-scores) are identified for each approach. No
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global set of parameters for pre-processing steps emerges since they revealed to be dependent on the studied
classification method.
3.3.2 Sample by sample performance of classifiers

The best segmentation performances for each classification approach are compiled in Figure [f] Distributions
of Fl-scores over the cross-validation are reported without and with applying pre-processing steps.

100
n 15
o
S 50
L
25 preprocessing
1 No
E Yes
0

KNN LR RF

Figure 6: Boxplots of Fl-scores without and with pre-processing on validation sets over the cross-validations
for the three classification approaches: K-Nearest Neighbors (KNN), Logistic Regression (LogR) and Random
Forest (RF).

Median Fl-scores of classifiers are higher when pre-processing steps are applied for the three types of
classifiers. They increase from 65 to 77% for KNN, from 49 to 75% for LogR and from 72 to 81% for RF.
Overall, best results are obtained with pre-processing associated with the RF approach. Fl-scores range
between 50% and 99% with the 25th percentile at 70% and the 75th percentile at 90%. The performances
of KNN and LogR are weaker and much less stable over cross-validations.

In addition, an average precision of 77% and a recall of 78% were obtained with the RF model.

The similarity of these two measures indicates that despite the moderate performance, the classifier is as
responsive to the classification of motion samples as it is to the classification of non-motion sample.

3.3.3 Evaluation of the accuracy of the extracted motion features

To evaluate the accuracy of resulting motion features, features estimated using the automatic segmentation
given by the RF model were compared with the ones computed from the reference segmentation. For all the
manually annotated recordings, medians along recording of the fourteen features were computed from the
values obtained on sliding windows of 5 minutes with 50% of overlap as described in Section Distributions
of features values given by automatic and manual segmentation are provided in Figure [7}

As a first observation, the distributions of feature values obtained from the automatic segmentation are
similar to those obtained from the manual segmentation. To verify this statement statistically, equivalence
tests (i.e., two-one-sided t-tests) were carried out. It allowed to verify the equivalence between values while
accepting a margin of error [33]. Here, errors between -5 and 5 seconds for features expressed in seconds,
-5% and 5% for features expressed in percentage and between -5 and 5 for features expressed in number,
were admitted. Beforehand, the normality of the distributions was checked with Shapiro’s test for each
feature. If normality condition was not respected (p-values < 0.05), a Box-Cox transformation was applied
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Figure 7: Boxplots of the distribution of the fourteen features obtained from automatic and manual seg-
mentation. Reported values are in seconds except for NBWithMotion and NBWithoutMotion which are in
number of units, RSDWithMotion, RSDWithoutMotion, TotalWithMotion and TotalWithoutMotion that
are percentages. Pearson’s correlation coefficients are reported on the right.

to normalize feature before performing the equivalence test . At the end, the hypothesis of equivalence
was not rejected (p-values < 0.05) for any feature.

Secondly, Pearson’s correlation coefficients between automatically and manually calculated values of each
feature were computed. They are reported in Figure Mostly strong correlations (> 0.7) are reported except
for SDWithMotion, RSDWithMotion and RSDWithoutMotion where moderate correlation coefficients of 0.6
can be noticed.

3.4 Evaluation of the functional motion age estimation

In this section, experiments were conducted on HPD. We apply and study the motion features fusion process
within the objective to build the estimator of the FMA applicable to the entire extremely preterm population.

3.4.1 Performance of the modelling approaches

Modelling approaches were compared to estimate functional motion age on HPD. As presented in Section[2.5]
each recording was summarized by 14 motion features. Then, they were used as input features along with
GA for regression modelling. It was reduced to 10 features with Pearson’s high cross-correlation filtering.
Best hyper-parameters were identified using LOGO cross-validation on the train-validation set and finally
used on this whole dataset for final training. The generalisation capacity of final models was then evaluated
on the test set. Results are reported in Figure [§

All regression approaches succeeded with an averaged MAE between 1.0 and 1.4 weeks to predict the
true PMA whether on the train-validation set and between 1.3 and 1.6 weeks on the test set. The standard
deviations are larger on test sets than on train sets, which denotes a tendency to overfit the training data
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Actual Actual Actual
Feature LR RFR SVR Feature LR RFR SVR
Coefficient Importance Importance Coefficient importance Importance
GA 1,89 (2) 0,42 (1) 0,39 (2) SDWithoutMotion -1,22 (4) 0,03 (3) 0,03 (7)
TotalWithMotion -0,27 (7) 0,01 (5) 0,14 (4) RSDWithMotion -0,13 (8) 0,01 (5) 0,04 (6)
MeanWithMotion 2,18(1) 0,39 (2) 1,19 (1) RSDWithoutMotion 1,32(3) 0,02 (4) 0,07 (5)
MeanWithoutMotion 0,67 (5) 0,01 (5) 0,07 (5) NBWithMotion -0,05 (9) 0,02 (4) 0,01 (8)
MaxWithoutMotion 0,01 (10) 0,01 (5) 0,03 (7) NBWithoutMotion -0,35 (6) 0,02 (4) 0,20 (3)

*final hyper-parameters RFR identified during Leave-One-Group-Out cross-validation: number of decision trees = [50, 100, 200], min sample split = [1, 5, 11, 17]
**final hyper-parameters SVR identified during Leave-One-Group-Out cross-validation: kernel = [linear, radial basis function, polynomial], C=[1000, 3000, 10000], gamma = [1e-3, 1e-4]

Figure 8: Regression performances presented by correlation plots, Mean Absolute Error (MAE) and standard
deviation for the three approaches: Linear Regression (LR), Random Forest Regression (RFR) and Support
Vector machine Regression (SVR). Final regression coefficients in LR model and importance of features of
RFR and SVR models are also presented along with their rank in the model. The tested hyper-parameters
values for SVR* and RFR** approaches with final selected values (in bold) are reported at the bottom.
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for all three approaches. This can be particularly noticed for RFR with a larger gap between the average
MAE on the train-validation and on the test sets. To produce the FMA, SVR seems to be the more stable
approach with a MAE of 1.241.2 weeks on train-validation and 1.3+1.8 weeks on test. This is confirmed
by the SVR correlations plot, with a line regression on the train-validation that coincides almost perfectly
with that obtained on the test. The LR approach also reveals suitable results. For all approaches, there is
a tendency to underestimate age when it is higher (above 34 weeks).

3.4.2 Interpretability

Regarding the importance of each feature (compiled in Figure, we can notice that mean duration of motion
intervals (MeanWithMotion) has a rather high importance for all models. It has the highest coefficient (2.18)
for LR, an importance of 0.39 for RFR and an importance of 1.19 with SVR. It should be noted that it was one
with the highest Pearson’s correlation coefficient obtained by our automatic segmentation (see section .
GA revealed important for prediction for all approaches. For SVR, NBWithMotion and TotalWithMotion
are also of significant importance with values of 0.20 and 0.14 respectively. Fortunately, features that
showed the lowest Pearson’s correlation coefficients during the evaluation of the motion characterization
(SDWithoutMotion, RSDWithMotion and RSDWithoutMotion) has only a weak importance on predictions
in SVR and RFR model. As this is not the case with LR, it decreases the reliability of this modelling. At
the end, SVR appears to be the best strategy.

To complete the study, we performed the experiments again using only the most influencing features of
SVR (GA, MeanWithMotion, TotalWithMotion and NumberWithMotion) in order to investigate a more
compact model. This results in a MAE of 1.2+1.2 weeks in train-validation and 1.3+1.2 weeks in test. In
other words, the use of less features reduces the variability of our predictions on the test set and reinforces
the generalization of our approach while increasing the interpretability of the predictions process.

Dynamics of its three most important features, beside GA, are given in Figure[d] As a first observation, a
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Figure 9: Evolution with PMA in premature newborns of the three most important features of the SVR
model.

tendency to increase can be observed for motion interval features (MeanWithMotion and TotalWithMotion).
Dynamic of the number of intervals without motion (NBWithoutMotion) is less well defined but a slight trend
in the decrease of variability with PMA can be remarked. Regarding values of features, MeanWithMotion
lasts in between 4 and 16 seconds and raises from 6 to 13 seconds. In order to interpret these values properly,
it should be remembered that they refer to a 5-minute window analysis. One can also notice that newborns
generally spend more time not moving than moving (e.g., see percentages of TotalWithMotion that is scaled
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between 0% and 18%). This percentage doubles between the lowest and highest ages. For its part, the
number of intervals without motion is comprised between 22 and 50 in the 27-29 PMA range and between
33 and 42 in the 37-39 PMA range.

4 Discussion

In this work, a fully-automated process for characterizing motion temporal organisation of preterm newborn
from long-term video has been designed and evaluated on real-life conditions. For the first time, 4,948 hours
of video data of premature newborns have been automatically processed. We have covered a wide range of
PMA (from 25.3 to 41.8 weeks) and in several hospitals, which implies a large number of room configurations
(incubator, radiant warmer and cradle).

Some parts of the proposed processing chain have already been validated in previous works such as
the motion estimation [15] or the automatic detection of sole presence of the newborn [20]. For the rest,
although methods for characterising motion have been proposed [15//35], they had not been evaluated under
real conditions. Here, a new method for motion segmentation, a new set of features and a novel way of
combining them to estimate a FMA were proposed.

Firstly, a segmentation method to retrieve motion and non-motion intervals was developed. This approach
takes into account artifacts such as lighting variation and pulse oximetry by integrating pre-processing of
the raw motion signal. Then, from a previously validated feature set for EEG burst detection [29], machine
learning techniques were investigated. This yielded one main result: Random Forest model can be trained
to accurately characterize motion and non-motion intervals. Indeed, no major statistical difference was
observed between the motion features extracted from the automatic segmentation and those issued from the
manual annotation.

Secondly, a new motion feature set focusing on motion and non-motion intervals’ statistics on duration
and intervals counting was defined. Its main strength is its robustness with respect to acquisition conditions
(e.g., distance to the camera and orientation) contrary to amplitude features [15].

Then, we proposed to aggregate these motion features into a unique indicator that we have called FMA.
For that purpose, we suggested to estimate PMA from these features since they are also supposed to evolve
with age. Three regression approaches were studied: Linear Regression, Random Forest Regression and
Support Vector machine Regression. Results have revealed that it was achievable with an averaged mean
absolute error of 1.3 weeks using a SVR model. This value is not surprising when looking at confidence
intervals observed in dynamics of separate features which are quite wide. To our knowledge, this is the first
attempt to propose such an indicator for clinical decision support. It could meet the need of clinicians to
have at hand indicators allowing the continuous monitoring of the motor activity of the newborn.

Moreover, this indicator has the merit of being interpretable since a minimal set of features was identified
(i.e., GA, MeanWithMotion, TotalWithMotion and NBWithoutMotion) and features dynamics has been
studied. Indeed, this goes alongside the strong desire of clinicians to see the proposed new systems be
interpretable or explainable for an effective transfer to care routine [36]. When applied to premature data,
we saw that the most important features of the SVR model evolved with PMA. This is the first time that these
observations have been made on such a large population and in an automatic way. In particular, we have seen
that the percentage of time spent in motion increases with age. The results presented are a first attempt
to characterize the maturation through the motion temporal organization in a population of premature
newborns having had an evolution without severe complications identified during hospitalization. The use
of machine learning algorithms is justified by the complexity of changes and the multiple determinants in
maturation of temporal organization of the preterm infants spontaneous motion. Indeed, this organization
depends on changes in sleep and wakefulness states and on the maturation changes of spontaneous movements
during those states. It is known that time and average duration of time intervals spent in quiet sleep, which
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corresponds to sleep without motion, increases with maturation [25]. Recently, it was also shown a decrease
in the occurrence of motion intervals shorter than 30 seconds and an increase in motion intervals longer than
30 seconds [37]. Finally, it is known that time spent in wakefulness increases with maturation and that time
spent in active sleep decreases during neonatal maturation of preterm infants [38] but without description of
motion temporal organization during these periods. Our results are in agreement with these observations.
However, due to their novelty, they require further study.

Some limitations and perspectives can be expressed.

In this study, the estimation of the motion series was done by an inter-frame difference, which is a basic
approach, but sufficient to extract motion and non-motion periods. Other methods such as block matching,
optical flow have been also studied in the literature. The difficult context of continuous monitoring did
not allow us to consider the use of block matching, in particular because the babies are very covered which
makes impossible to identify the regions of interest to follow. The use of optical flow methods may be
further investigated, even if preliminary experiments have shown no benefit while being more computationally
expensive.

As part of the segmentation approach, the frame per frame evaluation gave a quite wide F1-score range
over cross-validation. This means that the generalisation of our motion/non-motion segmentation model
will have to be studied in more details. To improve performance, it may be relevant to put more efforts
on the tuning of parameters and hyper-parameters, especially the parameters used for the BEADS pre-
processing. To date, we only applied parameters values reported by the authors which were optimized on
chromatography [26]. Another point of improvement would also be to study in more details the impact
of features for non-motion classification on our segmentation performance. One more point of attention
concerns the annotation of the data for training. Some recordings with very little time spent in motion and
with very short intervals of very low amplitudes were selected. However, the expert found it difficult to
annotate them, which raises questions about what should or should not be considered as motion. Indeed,
now that we showed that temporal motion organization is a potential maturation indicator, efforts should
be directed to increase knowledge on this subject. For example, by defining what is to be considered as a
relevant motion interval to evaluate maturation.

From the point of view of the extracted features, we can regret their simplicity which does not take into
account the complexity of the motion carried out by the newborn. It would now be interesting to look inside
the intervals of motion to extract information of a frequency |16] or trajectory [39] type. It could also be
relevant to automatically divide the image into several zones in order to know the origin of the movements
(arms or legs). Recent works based on deep learning computer vision techniques were proposed in that
sense such as the automatic detection of newborns body outside the blanket [40] or the detection of limbs
in fully uncovered newborns [6,|41]. However, these methods have been developed on restricted conditions
(uncovered and/or daylight illumination) since their objective is not to ensure continuous monitoring. To
obtain efficient models it will first require a significant amount of time to annotate real-world dataset for
this specific task.

Increasing the features set may also help to provide a more accurate FMA. However, it is a major concern
to keep in mind the interpretability of the proposed methods, which goes hand in hand with the sparing use
of features, in order to be accepted by the clinicians [36]. It is for this need for interpretability that we chose
not to adopt an end-to-end deep learning strategy, but rather to use deep modelling sparingly to address
challenges that do not require clinical interpretation (e.g., detecting periods when the baby is alone).

With regard to the FMA estimation, a final MAE of 1.3 with a standard deviation of 1.2 weeks is reported
on the test set. It may seem inaccurate to have an overestimation of PMA of 2.5 weeks. Some elements
allow us to say that the prediction is still admissible. On the one hand, the observation of the dynamics of
the parameters shows overlapping values when observed in intervals of 2 weeks. In another hand, although it
has not been studied through motion characterization in the literature, maturation is known to be a rather
slow process that does not take place at exactly the same age for all children, thus leading to an overlap in
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the observations. To illustrate this, we can draw a parallel with the fact that Einspieler et al. observed the
appearance of fidgety movements in a period of 3 to 6 weeks at corrected age, giving a 3-weeks overlap [42].

Other regression strategies can be also studied. Indeed, if the SVR model seems sufficiently stable and
adapted, the evolution of the different parameters indicates mostly linear dynamics. This is not well taken
into account by this approach. We could investigate an ensemble model (e.g., a linear combination with a
non-linear model) for a better modelling.

Another avenue of investigation concerns the granularity of the analysis performed. Indeed, in this study,
we estimated FMA with a set of parameters that represents 5 hours of data within a recording. We could
imagine to decrease the granularity and keeping the same approach or by using recurrent network approaches
because they would help to contextualize the successive predictions, as in survival neural networks [43].
However, in order to do so, the integration of non-exploitable periods will need to be carefully considered.
Also, since maturation is a slow phenomenon, the granularity needed to correctly capture it would have to
be studied. A good basis could be to study periods of at least 3 consecutive hours since this is the time of a
complete sleep cycle in preterms [44].

The impact of the use of different acquisition systems (camera model, type of image, positioning, etc) on
the performance of the method can also be discussed. Indeed, to answer this question, additional experiments
should be carried out. This should have no impact on the motion estimation and the motion segmentation
results provided that the camera does not have a higher noise sensitivity than our camera model (the
threshold T} should otherwise be increased) and that the camera is placed between 30 and 80 c¢m from the
newborn. Concerning the detection of sole presence of the newborn, we can expect a good generalization if
the images are grayscale images and transformed to the same dimensions. Indeed, the model, being designed
by transfer learning, integrates the knowledge of various images. If poor performances are observed anyway,
a fine-tuning on a smaller annotated dataset would be necessary. The rest of the chain, i.e., the estimation
of the motion features as well as the estimation of the functional age, should not be impacted if the previous
steps are efficient. Furthermore, our method should work with a higher or lower video frame rate, if enough
samples are still available on the 2-second windows used to conduct the motion segmentation using the
random forest model.

To date, limits in terms of clinical application can be raised. In this study, we have not used this
indicator to discriminate between pathological and non-pathological cases. Indeed, this was a preliminary
step, allowing us to verify that information related to maturation could be captured through motion analysis
in a non-pathological population. In future works, we aim to apply it to two clinical situations: early
detection of sepsis since it has been shown to be associated with an atonic behavior [45] and early detection
of neurological disorders which manifests itself in motion disorders [46].

Clearly, this indicator alone is not sufficient for clinicians to accurately assess the development of the
newborn. We believe that it is part of a whole and we are working on similar indicators automatically
computed under real conditions and obtained from cardio-respiratory [47], vocal |48l|49] and sleep activities
[11L[25].

5 Conclusion

In this paper, a fully automated process for characterizing newborns’ motion temporal organization from
long video recordings for non-invasive monitoring in NICU was described. The proposed method has been
evaluated on a large amount of data and specially designed for real-life conditions. Automatic extraction
of the dynamics of motion organisation in preterm newborns has been performed and observations are
consistent with the literature. We also proposed a FMA estimation, based on a compact and interpretable
model, to serve as a clinical decision support tool. Although its relevance has yet to be verified in specific
clinical applications, this work is an important step towards the integration of non-invasive camera-based
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monitoring methods in NICU. Indeed, contrary to previous works, this is the first time that a non-invasive,
robust and generalized monitoring tool of the maturation of preterm newborns has been designed, compatible
with various care environments of NICU.
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In accordance with French regulation, data will be shared through the health-data-hub (https://www.health-
data-hub.fr/).
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