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Sommario

I dispositivi medici, in genere, sono unita individuali, per cui una tipica
sala ospedaliera in un reparto di terapia intensiva ospita un gran numero di
dispositivi stand-alone, ognuno con una propria interfaccia utente.

Le culle dei neonati pretermine presso I’Unita di Terapia Intensiva Neona-
tale (UTIN) dell’Ospedale Pediatrico “G. Salesi“ di Ancona sono circondati da
numerosi dispositivi per il monitoraggio, la diagnosi e il trattamento di diverse
malattie e tutti questi dispositivi forniscono un’enorme quantita di dati che,
fino ad ora, venivano visualizzati solo su monitor e periodicamente trascritti in
una cartella clinica cartacea. Le note manuali, quindi, venivano regolarmente,
ma non immediatamente, trascritte in un foglio elettronico sul PC dell’unita
neonatale con il rischio di errori e dimenticanze.

In questo contesto, i medici hanno espresso la necessita di raccogliere auto-
maticamente i dati da tutti questi dispositivi per garantire che non venissero
trascurati dettagli importanti per la cura del paziente, essendo consapevoli che
l’automazione di questo processo puo facilitare e migliorare I'implementazione
delle procedure della loro pratica clinica quotidiana.

Alla luce di quanto espresso, l'obiettivo di questa tesi ¢ quello di permet-
tere l'interfacciamento e 'integrazione delle strumentazioni biomediche della
UTIN in un’unica infrastruttura cloud, che consenta la comunicazione tra di-
versi dispositivi medici e un unico database. L’architettura proposta consente
I’automatizzazione del processo di raccolta, trasmissione, memorizzazione, elab-
orazione e disponibilita dei dati dei dispositivi per il personale medico. Questa
¢ garantita dalla realizzazione di un’interfaccia web che supera le funzionalita
di una semplice Cartella Clinica Elettronica (CCE), grazie allo sviluppo di
moduli clinici innovativi. Essi contengono applicazioni, funzionalita, tecniche
di estrazione e analisi dei dati e algoritmi decisionali, che forniscono in output
consigli, reminder, allarmi, e importanti indicatori, in grado di supportare i
medici nella previsione e nella diagnosi di malattie come ’ittero neonatale o
le disabilita motorie, nel monitoraggio dei parametri fisiologici e di sviluppo,
come la frequenza respiratoria e i parametri di crescita, e nelle decisioni da
prendere riguardo problemi clinici, come gli apporti nutrizionali giornalieri e i
follow-up.

Tutte le soluzioni sopra descritte sono state validate attraverso una serie di
esperimenti condotti nella UTIN sotto ’attenta supervisione del primario del
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reparto, il Prof. V. P. Carnielli.
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Abstract

Medical devices, generally, have been unique units, so that a typical hospital
room in an intensive care ward hosts a big number of stand-alone devices, each
one with its own user interface.

Preterm infants’ cribs in Neonatal Intensive Care Unit (NICU) of “Women’s
and Children’s Hospital G. Salesi” of Ancona are surrounded by many devices
for the monitoring, diagnosis and treatment of several diseases and all these
devices provide a huge amount of data that, until now, was only displayed on
monitors and periodically transcribed in a paper medical record. Then manual
notes were regularly, but not immediately, transcribed in an electronic sheet
on the PC of the neonatal unit with the risk of errors and forgetfulnesses.
In this context, physicians have expressed the need to automatically gather
data from all these devices to ensure that no important details for patient
care were overlooked, as they are aware that the automation of this process
could facilitate and improve the implementation of the procedures of their
daily clinical practice.

In the light of the above, the objective of this thesis is to allow the interfac-
ing and integration of biomedical instrumentations of the NICU into a single
cloud-based infrastructure that enables the communication between different
medical devices and a unique database. The proposed architecture permits
the automation of the process of device data collection, transmission, storage,
processing and availability for medical staff, that is guaranteed through the
implementation of a web interface that exceeds the functionalities of a simple
Electronic Medical Record (EMR), thanks to the development of innovative
clinical tools. They contain applications, functionalities, data extraction and
analysis techniques and decision making algorithms, which provide in output
advices, reminders, alarms, and important indicators that can support physi-
cians in predicting and diagnosing diseases, such as neonatal jaundice or motor
disabilities, in monitoring physiological and developmental parameters, such as
respiratory rate and growth parameters, and in making decisions about clinical
problems, such as daily nutritional intakes and follow-ups.

All the solutions described above have been validated through a series of
experiments conducted in the NICU under the careful supervision of the Head
Physician, Prof. V. P. Carnielli.
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Chapter 1

Introduction

1.1 Context

Technologic advances in neonatal intensive care and their impact on short term
and long-term outcomes have been the major focus of neonatal clinical research.
Neonatal mortality reached an unsurpassable minimum by the late 1990s. How-
ever, this has been associated with high rates of neonatal morbidity and neu-
rodevelopmental impairment.

Preterm birth is defined as all births before 37 completed weeks of gestation
or fewer than 259 days since the first day of a woman’s last menstrual period
[6]. Preterm births can be further sub-divided based on gestational age (GA):
extremely preterm (<28 weeks), very preterm (28 - <32 weeks) and moderate
preterm (32 - <37 completed weeks of gestation). Moderate preterm births may
be further split to focus on late preterm birth (34 - <37 completed weeks).

Every year there are more than 15 million worldwide preterm births, that is
more than 1 in 10 babies, and the number of cases continues to rise.

Prematurity is the leading cause of newborn deaths (babies in the first 4
weeks of life) and now the second leading cause of death after pneumonia in
children under five years of age. It was responsible for nearly 1 million deaths in
2015. Three-quarters of them could be saved with current, cost-effective inter-
ventions. Many of the surviving infants face a lifetime of significant disability,
including learning and motor disabilities.

Preterm birth affects the anatomical and functional development of all or-
gans, inversely with GA, as well as the acquisition of skills for survival in an
extra-uterine environment.

In the case of preterm infants and low weight infants, the risk of mortality
and morbidity increases; typical complications linked to prematurity occur in
infants of very low GA (between 23 and 28 weeks) and weighting less than 1
kg.

Across 184 countries, the rate of preterm birth ranges from 5% to 18% of
babies born; 7-9% of pregnancies do not reach the normal 40-week gestation
period; 1% of newborn babies come to light before the 32" week of gestation
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and 0.5% even before the 28" week.
In Italy, preterm births represent the 6.9% of the total birth rate; among the

40000 premature births born every year, 5600 have a body weight less than

1500 g. The care of these young patients, who would not be able to survive

independently, require highly specialized staff and cutting-edge technologies.

In the last five years, the development of biomedical technologies for intensive

neonatal care has allowed the survival of patients born before the 237¢ week

of gestation and of a weight at birth less than 400 g. To date, the survival of

preterm infants has even reached more than 90%.

The sooner babies are born, the less prepared their bodies are for the outside

world. They need special care to overcome the following challenges:

breathing: many preterm babies start breathing on their own when they
are born, but others need to be resuscitated. If the lungs are not fully
developed and lack surfactant (a substance that helps keep the lungs
expanded), preterm babies may have difficulty breathing. Sometimes,
premature babies that start off breathing are not strong enough to con-
tinue on their own. They exhaust themselves and may stop breathing
(apnoea).

brain: Preterm babies are at risk of bleeding in the brain, during birth
and in the first few days after birth; about 1 in 5 babies weighting less
than 2kg have this problem. Preterm babies can also have brain injuries
from a lack of oxygen. Bleeding or lack of oxygen to the brain can result
in cerebral palsy, developmental delays, motor impairments and learning
difficulties.

neonatal jaundice: it is caused by an accumulation of bilirubin (redish-yel-
low pigment present in the bile and produced by haemoglobin catabolism)
in the subcutaneous tissue and in the sclere; when bilirubin exceeds the
limit values, the newborn is placed under a UV light lamp that promotes
the elimination of bilirubin from the blood to the intestine.
cardiovascular difficulty: there is often a delayed adaptation of the circu-
latory system to post-natal life.

feeding: Preterm babies can have trouble feeding because the coordi-
nated suck and swallow reflex is not yet fully developed. They may need
additional support for feeding. They often experience gastrointestinal
difficulties and reduced food tolerances, so that additional support for
feeding is needed: total parenteral nutrition (i.e., venous feeding) or gav-
age feeding (milk administration by means of an orogastric tube, which
goes directly from the mouth to the stomach) is often used.

infections: Severe infections are more common among preterm babies.
Their immune systems are not yet fully developed, and they have a higher
risk of dying if they get an infection.
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- staying warm: Preterm babies lose body heat more easily, putting them
at risk of life-threatening hypothermia. They need extra energy and care
to stay warm and grow.

- eyes: Preterm babies’ eyes are not ready for the outside world. They
can be damaged by abnormal growth of blood vessels in the retina. The
condition is usually more severe in very premature babies and if they are
given a too-high level of oxygen. This can result in visual impairment or
blindness.

As said, preterm babies are at risk of developing disabilities that will affect
them for their entire lives, strongly depending on how early they were born,
the quality of care they received during and around birth and the days and
weeks that follow.

Hospitals with neonatal intensive care units can provide specialized care for
preterm infants with serious health problems. They have special equipment
and specially trained doctors and nurses who provide around-the-clock care for
preterm babies who need extra support to keep warm, to breathe and to be
fed, or who are very sick.

Preterm infants are housed in incubators or heated cribs, which provide
temperature control and recreate the maternal uterine environment. Sometimes
a “nest” with sheets is made inside the incubator to increase the sense of
containment enjoyed by the baby in his mother’s womb.

Continuous monitoring of the vital functions of the small patient is required,
which will then be connected to multiple probes and devices that generate
alarms whenever the limit levels set by the staff of the neonatal intensive care
ward are exceeded.

The hospital ward taken into consideration in this thesis is the Neonatal
Intensive Care Unit (NICU) of the Women’s and Children’s Hospital “G.Salesi”
in Ancona.

Here, infants’ cribs are surrounded by many devices for the monitoring, di-
agnosis and treatment of the above described diseases and all these devices
provide a huge amount of data that was only displayed on monitors. A mem-
ber of the medical staff, usually the nurse on duty, periodically transcribed
these data in a paper medical record. Then the manual notes were regularly,
but not immediately, transcribed by nurses in an electronic sheet on the PC of
the neonatal unit with the risk of errors and forgetfulnesses.

In this context, physicians have expressed the need to automatically gather
data from all these devices in order to ensure that no important details for
patient care were overlooked, as they are aware that the automation of this
process can facilitate and improve the implementation of the procedures of
their daily clinical practice. In this sense they have also contributed to the
development of innovative systems, methods and algorithms for the study of
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some important healthcare problems related to preterm infants.

1.2 Objectives and main contributions

In the light of the above, the first objective of this thesis was to allow the inter-
facing and integration of biomedical instrumentation in the neonatal intensive
care ward into a single cloud infrastructure that allowed the digital storage of
all data from the various instruments.

In order to carry out optimal care processes, in fact, a maximum correlation
and integration between all the physiological data collected by the instrumen-
tation connected to the infant was required. Often the critical clinical situation
is caused by a combination of pathologies, therefore the interactions between
several physiological parameters must be studied.

In particular, the developed architecture was tested with the integration of
three different type of instruments located in the NICU of the “Women’s and
Children’s Hospital G.Salesi”:

- Patient monitor;
- Bilirubinometer;
- Transcutaneous bilirubinometer.

Medical communication protocols are used to enable the communication and
data transfer between the above mentioned infant’s monitoring devices and the
unique database of the platform. For this purpose, Python drivers for input
devices are being developed in order to communicate with the devices and
acquire data.

Then, a process of data collection from different instrumentation was carried
out by standardising the data and by forwarding them to the cloud, through
import Web Services. A system built with these characteristics guarantees the
interoperability property of the collected data allowing on-line sharing of the
data.

At this point, another objective achieved by this thesis was to provide the
medical staff with a valid tool to visualize this enormous amount of data. Data
visualization plays a fundamental role in the interpretation of data. The visu-
alization does not simply have an aesthetic purpose of presenting the results,
but gives access to information and interpretations that otherwise would re-
main latent. For this reason, a web interface has been designed and developed
based on specifications given by healthcare personnel and medical guidelines.
It acts like a web-portal and works as an application on Mobile Devices and
Desktop Workstations, where medical staff members can access all available
information.

Moreover, it is equipped with the main characteristics of the patient clinical
record, but it exceeds the functionalities of a simple Electronic Medical Record
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(EMR), thanks to the development of innovative clinical tools, which contain
functionalities, data analysis techniques and decision-making algorithms, useful
to speed up and facilitate the work of doctors. These tools allow them to
follow guidelines of daily clinical practice more closely, by automating steps
and medical procedures, with the aim of improving patient care.

The processing of the data displayed on these clinical tools is, in fact, the
result of decision-making systems, whose development and implementation is
a further objective of this thesis in order to support the early diagnosis of
diseases.

In particular, an algorithm has been developed to support the diagnosis of
neonatal jaundice and the management of therapies to teat the disease. It
consists in an evidence-based automated decision support system (DSS) for
guideline based care to facilitate the implementation of clinical practice guide-
lines for neonatal jaundice.

Another proposed algorithm supports the physician in fluid administration
within nutrition task, another allows the automation of a clinical test used in
follow-ups to assess the development of preterm infants.

Worthy of note is the implementation of an algorithm deployed to analyse
preterm infants’ respiratory rate, which is able to activate an alarm signal when
respiratory rate values go out of the physiological range, and of a method that,
through computer vision techniques and machine learning algorithms, is able to
detect infant’s movements in real-time from depth stream and to extract from
the sequence of depth images, collected by an RGB-D sensor, some important
features and indicators that can be used by clinicians to objectively study
infants’ movements during their development.

The validation of these algorithms was made possible only thanks to the
creation of a new device, another objective achieved in this work. It is a novel
non-contact and non-invasive RGB-D system that consists in an RGB-D camera
and in an embedded board, where the algorithms used to extract and analyse
data from the depth images acquired by the camera are run in real-time.

All the above described solutions and algorithms have been validated through
a series of experiments, conducted in the NICU of “G.Salesi” Hospital under
the careful supervision of the Head Physician, Prof. V. P. Carnielli, which have
also led to the creation of two datasets.

The work of this thesis is culminated in the funding of a regional project,
named SINC, made in collaboration with the “Women’s and Children’s Hos-
pital G. Salesi” of Ancona, as the coordinator of all the regional Neonatal
Intensive Care Units, and where the Head Physician, Prof. V. P. Carnielli, a
neonatologist of international fame, is the scientific director and validator of
technological solutions, the Departments of Information Engineering and of In-
dustrial Engineering and Mathematical Sciences of the Polytechnic University
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of Marche and four local companies. SINC “System Improvement for Neonatal
Care” project started in January 2017 and will last three years.

The objective of the SINC project is to develop an innovative integrated
system that allows an enrichment of the instrumentation available for neona-
tology and that will be able to automatically communicate the data to a cloud
in order to guarantee the distribution of information and protocols of care on
the territory, creating a new regional organizational model, on the basis of that
developed in this thesis for the NICU of “G. Salesi” Hospital.

One of the project’s objectives is to manage a cloud infrastructure that makes
services and utilities available throughout the region and that is able to inte-
grate monitoring data collected by medical devices to facilitate patient diag-
nosis and treatment. The aim is to create and experiment a new hospital and
territorial model for the integrated management of neonatal care and thera-
pies between the various levels of hospital specialization in the Marche Region,
which will be supported by distributed data management systems.

1.3 Structure of the thesis

The thesis is organized in six Chapters, which describe the design and devel-
opment of a healthcare infrastructure that has allowed the interconnection of
several biomedical devices in a NICU and the communication of data coming
from these instruments to a single DB, which is exploited in order to permit the
automatization of the process of device data collection, transmission, storage,
processing and availability for medical staff.

Chapter [2] reviews the state-of-the-art about the main topics addressed. It
discusses the results achieved in the creation of distributed healthcare infras-
tructures for the integration of medical devices in hospital wards and the prob-
lems still outstanding in this regard, and then goes into more detail on the
current situation regarding the development and use of Electronic Medical and
Health Records, Evidence-Based Medicine and Decision Support Systems in
general and particularly in Italy and in the Marche region.

Chapter [3] describes the proposed cloud-based infrastructure, that allows the
communication between the three different type of medical devices of the NICU
of the “Women’s and Children’s Hospital G.Salesi” through communication
protocols that are thoroughly described, and the developed web-based platform,
where data coming from these instruments can be displayed and analysed.

The functionalities of the implemented tools of the platform are briefly de-
scribed in this Chapter, while in Chapter [4] the attention is focused on three
of these tools, which have seen the application of decision-making algorithms
and computer vision techniques applied with the aim of support physicians in
everyday clinical practice.
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Chapter [5] then, discusses the results related to the analysis of the data
collected by the various instruments and stored in the various platform tools,
which are processed using the algorithms described in the previous chapter
through a series of experiments conducted within the NICU.

Finally, conclusions are reported in Chapter [6] as well as some future research

directions.






Chapter 2

State of the art

Medical devices generally are monolithic units so that a typical hospital room
in an intensive care ward hosts a number of stand-alone devices, each one
with its own user interface, its own proprietary software, its own display and
often its own built-in computer. Graphical user interfaces are all different and
non-uniform and this can create confusion and misunderstandings among the
healthcare personnel who has to use all the devices simultaneously.

Moreover, the devices are physically separated blocks and they can also be
located on different bed sides so that the medical staff has to go from one device
to another to use it, e.g., to see data on device display, to change device settings
and to set up new vital parameters or new alarm values. In this way, the staff
has to deal with different interfaces implemented on devices located in different
places, which contributes to create mental confusion and poor organization and
makes it more difficult for the physicians to rapidly take stock of the situation
on the patient’s state of health. Furthermore, in a hospital ward there are
many figures with different roles, e.g., the head physician, specialists in various
fields and nurses, and each of them needs a tailored user interface suited to
his own expertise and that shows him device data and information in the most
suitable way to make him perform his job well and quickly.

Finally, around patient’s bed there are devices for the monitoring, the di-
agnosis and the treatment of different diseases and it would be appropriate to
bring together data coming from all these devices to ensure that the physician
could have a general idea about the patient’s health conditions in order to not
neglect any important detail for the patient’s care. On the contrary, data are
usually saved separately for each device and they are not always sent to the pa-
tient Electronic Medical Record (EMR), if it exists, so that it becomes difficult
to search and find them, to create correlations between them and to make them
available in real time to the clinician when he is visiting the patient, whereas
this would bring great benefits to medical research [7].

Nowadays many devices already have some connection mechanisms that use
serial ports, Ethernet, IEEE 802.11 or Bluetooth wireless, but they are typi-
cally used to unidirectionally log data and events from these devices towards
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the computer, permitting the reading of the measured value on a PC display.
However, this is no longer sufficient: as demand increases for better health-
care paradigms, it is evident that there is the need of having integrated and
cooperating (interoperable) medical devices. Thus, the goal is to go beyond
the simple connectivity to move towards a more complex device integration
that offers the possibility to stream device data directly into electronic med-
ical records (EMRs), to create a database for further statistic investigations
of data so collected and to integrate the information derived from multiple
medical devices into a single customised display.

In this thesis, a cloud computing solution is proposed for the creation of
a cloud infrastructure that exceeds the simple EMR. A cloud-based DBaaS
(Database-as-a-Service) is created with the abilities of storing and coopera-
tively sharing medical data based on the HL7 message required for interoper-
ability of medical information of different types. A database is created serving
as a data consumer which allows the integration between device data, EMR
data, personal patient’s data, patient’s medical history and so on. This per-
mits to aggregate device data in one place, making easier the recorded data
maintaining. This facilitates data searching in order to allow the doctor to
make faster diagnosis, by having all relevant information available. Moreover,
the identification of statistical trends and patterns is simplified by using data
mining and machine learning techniques that can lead to the discovery of cor-
relations between collected data and illnesses, which otherwise would not have
been possible to observe by clinicians [§] and that could be an useful tool to
support a long-period management of a university hospital [9].

2.1 Health Information System Infrastructures

Health Information Systems (HISs) can be described as the interaction be-
tween individuals, processes and technologies used to support fundamental in-
formation operations, management and availability, with the aim to improve
healthcare services [10].

They provide information and enhance the knowledge creation in health care
environments through data processing [I1]. In particular, they are considered
mechanisms for storing, processing, analysing and transmitting information
required for planning, organization, execution and evaluation of health services.

The above depicted scenario presents the opportunity to create an integrated
cloud-based network that automates the process that begins with data collec-
tion from multiple devices and ends with information accessibility from medical
staff. To achieve this goal diverse cut-edge technologies were studied.

In the past, the healthcare information systems have been extensively im-
plemented with traditional Management Information System (MIS) mode, but
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this does not comply with the current requirements of healthcare system. Lee
et al. in [I2] propose a service-oriented architecture (SOA)-based system that
permits the integration of data from personal health devices and the creation
of tailored users interfaces, but this work does not provide concurrency or con-
stant and reliable service capabilities. Kulkarni and Ozturk in [I3] implement
a system called mPHASIS that leads to an end-to-end solution. Nonetheless, it
is based on the Java programming language that makes the system less efficient
for reasons of performance of Java Virtual Machine (JVM).

The proposed solution is based on the idea of cloud computing with which
it is possible to provide customers with pervasive, affordable and on-demand
services. Cloud computing owns the characteristics of parallel computing, dis-
tributed computing, and grid computing, but it improves the user experiences
over the Internet compared to these. Lots of applications are moved towards
a cloud platform because it is able to supply services for diverse application
scenarios [14} [T5]. Nowadays, also lots of works on medical information systems
are based on cloud services [16] [I7]. Cloud infrastructure can provide the flexi-
bility and scalability of service-oriented systems unlike the transaction-oriented
MIS mode.

The proposed model provides support to ad hoc integration of diverse med-
ical devices, distributed processing, and open accessibility. A cloud-based in-
frastructure is presented where medical devices are plugged in and begin to
cooperate, i.e. to collect and transmit data. The computer resources achiev-
able with this environment are set up to receive, store, process, and distribute
the information. The method described in this thesis permits the creation of
an ad hoc integration network of different medical devices and of a distributed
data processing.

The main requirement of the optimal solution is that it has to quickly imple-
ment the methods to collect process and distribute infant’s vital data, from the
crib to remote accessibility, by integrating all different medical devices [18] [19].

Moreover, it has to be flexible and extensible, i.e., it has to hold up diverse
medical devices in different numbers that can be added to the system in different
times [20]. Then, the proposed system has to guarantee the security and the
safety of shared data, by ensuring strong access control and data encryption [21]
22].

To ensure data interoperability [23] it is necessary to realise data extrac-
tion process from various instruments, normalising the database according to
a record format defined in the XML language and specifically to the logic re-
lated to language HL7 [24]. A database made with these characteristics enables
online sharing of encrypted healthcare data, reported in a standard language,
allowing a complete interoperability of shared data.

The architecture has to guarantee also the system availability in any possible
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operational conditions, by ensuring its reliability [25] and it has to be scalable
and compatible with the use in large healthcare environments and with the
aggregation of different institutions [26].

In King et al. [27] they discuss about all these main problems and about
their possible solutions with respect to the creation of a distributed architec-
ture for the integration of medical devices in a hospital ward. They discuss
about interoperability of data collected from devices, displays and databases of
different vendors and about standardisation of device data streams and their
reliability, security and safety, also in terms of privacy. However, the work is
not concentrated on concrete solutions, leaving room to other works for putting
into practise the proposed ideas.

2.2 Electronic Medical Records and Electronic
Health Records

All health information systems, as well as many other technologies, can be
interfaced with a systematic collection of information: the electronic medical
record (EMR).

The medical record is the tool used to manage patient’s clinical data, which
are collected during meetings with healthcare professionals for prevention pur-
poses, or when episodes of disease occur.

EMR is therefore the electronic evolution of the classic paper-based medical
record, which has lost its effectiveness because the continuous improvement of
the treatment process has led the paper version to become increasingly volumi-
nous and easily damageable, with a wide variety of sources from which to obtain
documents and information, and has made it more difficult to consult and find
the necessary information for healthcare professionals in a timely manner [28].

Moreover, handwritten medical records may be lowly legible, and this can
contribute to medical errors. Some pre-printed forms and the standardization
of abbreviations were stimulated to improve reliability of paper-based medical
records, but without remarkable results.

Thus, EMR may help with the standardization of digitized forms, terminol-
ogy and data input in order to facilitate the collection of data for epidemiology
and clinical studies [29].

The EMR can enable information to be used and shared over secure net-
works through digital formatting; track care (e.g. prescriptions) and outcomes
(e.g. blood pressure); trigger warnings and reminders, send and receive orders,
reports, and results; decrease billing processing time and create more accurate
billing system; enable information to move electronically between organiza-
tions [30].
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As regards interoperability, EMRs would facilitate the coordination of health-
care transfer in non-affiliated healthcare structures [3I]. A lot of information is
conveyed in the EMR which can include laboratory results, radiology results,
pharmacy orders, medical prescription, discharge/transfer orders and any other
data from auxiliary services. In this way, some EMR-based systems are capable
of automatically monitoring clinical events, by analysing patient data to pre-
dict, detect and potentially prevent adverse events. Furthermore, data from an
EMR can be used for statistics on issues such as quality improvement, physi-
cians’ self-audit and resource management.

The EMR, actually, is the patient record created by providers for specific
encounters in hospitals and ambulatory environments and it is limited to a
single healthcare structure. It can serve as a data source for the electronic
health record (EHR). The terms EHR and EMR, in fact, have often been
used interchangeably, although differences between the models are now being
defined [32, [33].

The EHR is a more comprehensive collection of the electronic health in-
formation of individual patients or populations. It is a more comprehensive
form involving integration and network access of data from different clinical
applications and heterogeneous systems.

According to the definition of the International Organization for Standard-
ization (ISO) the EHR is a repository of patient data in digital form, stored and
exchanged securely, and accessible by multiple authorized users [34]. It con-
tains retrospective, concurrent, and prospective information and its primary
purpose is to support continuing, efficient and quality integrated health care.

EHR should contain, for each patient, all information resulting from their in-
teraction with different healthcare professionals, hospital wards and structures
in order to facilitate an integrated vision of patient data [35]. It grows over
time: it self-feeds, preserves and organises the complete collection of personal
health history.

Main requirements of an EHR include the definition of a flexible data struc-
ture to allocate information in each patient’s profile, of a clinical information
registry concerning subsequent consultations and prescriptions, and of a repos-
itory of all medical and clinical history individualized and complete [36].

A system that manages the EHR must be able to meet three main demands:

- the integration of data from different sources (e.g. hospitals, private
clinics, health care professionals);

- the correct acquisition of data;

- support for clinical decisions.

These interlinked characteristics within the EHR permit to achieve the goal
pursued by the system: patient care. In order to achieve this goal, however, the
EHR must also have interoperability characteristics, since processed data come
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from different sources and are produced autonomously [37]. It must ensure
the integration between different types of information (e.g. clinical, financial,
administrative data) and not be limited in geographical terms, because it must
link the various access points of users (general practitioner, physicians, health-
care professionals, and patients) and the different healthcare structures [3§].
It should also ensure the integration of data provided by the various EMRs to
obtain what THE (Integrating the Healthcare Enterprise) calls a “longitudinal”
view of the health status of individual patients.

In Ttaly, EMRs are quite widespread, but only within individual hospital
wards and they are used more administratively than clinically.

According to a survey [39, [40] conducted in 2016 by the Healthcare Infor-
mation and Management Systems Society (HIMSS), that has created the EMR
Adoption Model (EMRAM), an eight-stage model that permits to assess the
quality of the adopted EMRs on a scale from 0 to 7, in Italy the 6! level EMR
covers only the 2,2% out of a total of 135 EMRs evaluated by HIMMS, while
there are not 7t level EMR, compared to the 8,6% and 2,9%, respectively, in
the Netherlands (total = 35) and the 32,7% and 6,1% in the USA (total =
5478). The majority of the italian healthcare structures are placed on stage 5
(34,8%) and 2 (34,1%) and the 6,7% still occupy stage 0 compared to 0% in
the Netherlands and to 1,6% in USA.

There are many reasons for this situation. In fact, even if the EMR spread
requires infrastructure investments, which are still lacking, the painful point
is the lack of confidence, if not resistance, that healthcare workers show to-
wards the EMR. On the one hand, a cultural and “self-protection” resistance
to the transparency of the data that the EMR sets in motion, and on the other
hand - even more significant - a technological approach that does not make
the EMR confidant with the doctor, especially if it is in situations of urgency
and speed. Doctors often denounce the adoption of complicated and redun-
dant technological procedures, heterogeneous levels of integration, overlapping
programs, excessive access and safety filters, which make “complex” the use of
the EMRs [41], 42}, 43, [44].

In any case, even Italy is increasingly moving towards the digitalization of the
medical record, especially after the enactment of the Article 12 of Act 221/2012
that officially introduced the EHR, called “Fascicolo Sanitario Elettronico”,
defined as “the set of data and digital documents relating to health and socio-
medical information produced by current and past clinical events concerning the
patient” [45]. Under Article 12.2, the EHR can be used for a triple purpose:

a prevention, diagnosis, treatment and rehabilitation;

b study and scientific research in the medical context;

¢ health planning, verification of the quality of care and evaluation of
healthcare.
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Moreover, the n. 237 of October 2017 of the Official Gazette contains
the publication of Circular n. 4, “Documento di progetto dell’Infrastruttura
Nazionale per 'Interoperabilita dei Fascicoli Sanitari Elettronici (art.12 - comma
15-ter — D.L. 179/2012))”, available in the transparency section of the website
of the Italian Agency for the Digital Agenda (AgID) [46], where EHR charac-
teristics, its objectives and structure are illustrated in the light of the latest
legislative changes affecting it.

The results of Government and regions efforts to promote the EHR can be
seen in the following percentages: in 2015, the 40% of reports and the 9% of
medical records were dematerialised; according to Federfarma, the 72% of med-
ical prescriptions were dematerialized, up sharply from 26% in December 2014;
the 16% of the reports were delivered online to the citizen, while bookings and
payments made via the web were 12% and 8% respectively. The share of those
who have heard about EHR (32%) doubled compared with the previous year,
even if only 5% have actually used it, considering that at the moment, accord-
ing to AgID data of April 2016, only six italian regions have an EHR already
active and operational (Emilia-Romagna, Lombardy, Tuscany, Sardinia, and
Valle d’Aosta), while in 11 others, including Marche Region, regional EHRs
are being implemented.

As mentioned above, the Marche Region is also making progress in dissemi-
nating the guidelines concerning the regional EHR, infrastructure, with the aim
of illustrating all the integration services envisaged in this area, in order to
facilitate future suppliers of systems that will interact with the regional EHR
in the implementation of integration interfaces [47].

On the basis of this document and those mentioned above, a web-based
solution was therefore designed and developed, which allows the integration of
data from different devices with those from the medical record. This solution
was achieved by considering and preparing the communication with the regional
EHR.

The final and future objective is, in fact, to go towards the creation of a
network that includes all neonatologies of the Marche region, favouring the
sharing of health data and the coordination of their flows, in order to facili-
tate transfers between the different hospital structures, which may take place
after a first analysis of the patient’s vital signals has already been made by
the reception centre, and, vice versa, to allow the continuity of monitoring of
the newborn once from the central hospital (“G. Salesi”) is transferred to a
neonatology that is closer to his parents’ residence to ends there the last days
of hospitalization.

The database created is also available for a “transversal” interoperability
with all the colleagues who have need of continuity of care with respect to
the same patient, and “vertical” interoperability with other databases and Na-
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tional Health Service (NHS) operators. All services are backed by a guarantee
for the highest security of data, encrypted both during transfer and storage,
and access, in compliance with current legislations in terms of security and pri-
vacy, is strictly permitted only to those who have the appropriate permissions.
Users can remotely access patient data, using both the PC and mobile devices
(smartphones and tablets).

2.3 Evidence-Based Medicine and Decision Support

Evidence-based medicine (EBM) aims to improve quality of care reducing the
wide healthcare practice variations, and the inefficiencies, dangers, and in-
equalities that have resulted from nonoptimal patient care as pointed out in
“Crossing the quality chasm” by the Institute of Medicine [4§].

EBM originated in 1992, from a series of studies started more than 10 years
earlier at the Department of Clinical Epidemiology and Biostatistics of the
Canadian McMaster University for the best use of scientific literature for med-
ical updating.

From these roots, the EBM has developed the concept that “evidence” must
play a leading role in therapeutic decisions, meaning with the term “evidence”
up-to-date and methodologically valid information from medical literature.
Originally defined as “a new emerging paradigm for medical practice” , the EBM
received, four years later, a more cautious definition: EBM is “the conscien-
tious, judicious and explicit use of current best evidence in making decisions
about the care of individual patients”, then recognizing the need to integrate
“evidence” with individual clinical skills of the healthcare professional (“exper-
tise”) [49].

EBM has developed in two areas of application: public health macro-de-
cisions or related to homogeneous population groups and individual patient
medical practice.

EBM use has been approved by international healthcare organizations such
as the WHO and the Institute of Medicine. but it has resulted to be far from
easy to implement. About thirty years after its birth, it has so far found little
application, especially in Italian clinical information systems. While there are
several free or pay websites where clinical evidence and guidelines can be found
and used, there has been no software integration between these sources and
patient clinical data.

One of the tools used for the practice of EBM is Clinical Decision Sup-
port defined as “providing clinicians or patients with computer-generated clini-
cal knowledge and patient-related information, intelligently filtered or presented
at appropriate times, to enhance patient care” [50], where clinical knowledge

means, for example, the evidence contained in up-to-date guideline recommen-
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dations.

Clinical Decision Support Systems (CDSSs) are interactive software, very
important within the medical industry, designed to assist doctors and other
healthcare professionals (e.g. nurses) in the formulation of diagnosis, treat-
ment decisions and management of therapies, through the collection and the
elaboration of information coming from several sources.

In fact, knowledge-based CDSSs apply rules to data to be analysed by models
or other methods via an inferential motor and provide results to the end user.

There are many different clinical applications in which CDSSs are used.

They can be used to warn changes in patients’ condition from patient monitor
data analysis [51], to help the evaluation of the clinical guidelines used to assist
physicians in finding alternative treatment and diagnosis [52], or to identify
similar factors between different cases that lead to complications [53].

A CDSS is used in a diabetic clinic to determine if a diabetics treatment
would be safe given patient history, laboratory test results and known allergies
and pathologies of a diabetic patient [54].

Generally, when a patient’s case is complex or the healthcare professional who
has to make the diagnosis is inexperienced, a CDSS can support to decide which
is the therapeutic treatment to be suggested based on up-to-date treatment
guidelines.

CDSSs are also used extensively in Neonatal Intensive Care Units (NICUs),
given the very critical conditions in which small patients live and the many
ethical problems associated with them.

In [55] a prototype of integrated eXtended Markup Language (XML)-based
CDSS is implemented in a NICU, with the aim to evaluate the effectiveness of
real-time decision support and of the longterm impacts on physician decision-
making. In [56] it is used to define, detect and generate clinical alerts from
collected medical device data.

In [57] a decision-making support system based on specific outcome informa-
tion for individual NICU patients is used to provide support for parents and
healthcare professionals in ethically determining and deciding which treatments
to perform.

In [58] a web services-based infrastructure to support CDSSs for processing
multi-domain medical data from obstetrics, perinatal and neonatal hospital
wards is proposed. It is used to reduce medical errors, to assist physicians in
decision-making process, to improve patient care also by the optimization of
alert detection systems.

In Ttaly, CDSSs are still not very widespread, while in the rest of Europe and
North America they represent a growing phenomenon.

The report “Clinical Decision Support Systems Market by Component, (Ser-
vices, Software), Delivery Mode, Product Type (Integrated, Standalone), Model
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(Knowledge-Based), Type (Therapeutic, Diagnostic), User Interactivity (Ac-
tive, Passive), Application - Forecasts to 2021”, made by MarketsandMar-
kets [59], studies the global clinical decision support systems market over the
forecast period of 2016 to 2021. This global market is expected to reach USD
1.519,2 Million by 2021 from USD 856,3 Million in 2016, at a CAGR of 12.2%.

The cause of this lack of diffusion in italian healthcare system is due to
physicians’ aversion and to a great distrust of technology and CDSSs use as
underlined in [60], but also to the lack of a passage in the current legislation
(which is instead foreseen in many European and extra-European health sys-
tems, starting from Belgium, the Netherlands and the United Kingdom) or
which “the practice of the health professional” is explicitly encouraged to use
a scientifically based CDSS (guidelines and good practices).

Despite this, having ascertained the excellent results deriving from the use of
CDSSs in clinical practice, they are beginning to spread also in Italy in various
fields of clinical application [61], 62} [63].

In fact, the results of the study conducted in [60] suggest that the CDSSs
adoption path is marked by a progressive evolution of clinicians’ perceptions
towards the system. A trend is emerged which moves from positions that are
adverse to the adoption of CDSSs - characterized by strong resistances and
a very little “perceived mastery” - to an hoped optimal situation, in which
CDSSs are seen as a working tool at the service of clinicians, integrable (and
not interchangeable) with their skills, adaptable to their needs and to the local
organizational specificities.

In this thesis, decision-making models and algorithms are applied in the
NICU environment to preterm infants’ data in order to generate alarms from
the analysis of medical devices data, to help physicians in the administration
of nutrients and in the diagnosis and treatment of neonatal jaundice, and to
support the prediction of neuromotor disabilities from depth images as shown
in next chapters.
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A new infrastructure for neonatal
care
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Figure 3.1: The current scenario.

The hospital ward that is taken into consideration for testing the new in-
frastructure is the Neonatal Intensive Care Unit (NICU) of the “Women’s and
Children’s Hospital G.Salesi” in Ancona, where preterm infants are taken into
care [64]. As said, preterm birth affects the anatomical and functional devel-
opment of all organs, inversely with GA. The degree of organs immaturity is
a critical aspect for these babies, which leads them to have many health prob-
lems. For this reason, the primary physiological functions of these babies have
to be continuously monitored and often infants have to undergo major treat-
ments and therapies. Hence, infants’ cribs are surrounded by lots of devices
for the monitoring, the diagnosis and the treatment of different diseases. It is
desirable that all these devices communicate between each other and with a
unique database in order to create an integrated device network.

Nowadays, on the contrary, the majority of these devices only provide the
ability to read data on their digital displays. Consequently, a member of the
medical staff, generally the nurse in charge, has to collect infant’s data at
bedside by writing them down to a paper medical chart on a regular basis.
Then manual notes are regularly, but not immediately, transcribed by nurses
in a PC of the Neonatal Unit. After that, data are transmitted to a local
server that stores and organizes them together with the patient data collected
in the EMR. Only at this moment, the medical staff can access data through an
interface application. Focusing on the problem of infants’ vital data collection,
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distribution and processing, it is clear that current solution based on manual
note writing is a slow and laborious process, susceptible to errors in the two
phases of manual taking notes and of digital transcription on EHR. Moreover,
there is an important delay between data generation and their availability and
accessibility to medical staff. Fig. shows this process based on manual
taking notes.

In this thesis, a method to make automated and faster this process that starts
from crib data gathering and ends with the remote access to data by clinicians
is proposed. Medical communication protocols or proprietary software are used
to automatically enable the communication and the data transfer between the
devices and the unique database, which collects data from all medical devices.

3.1 SINC cloud-based healthcare architecture

Utility Computing Provider

Storage
[ - ] [ o j

Platform

front end
Web Service
Application

/ ‘ Hitp/XML

Device node

‘!*
] »
\T/ L m D—D

.

Mobile Device and Desktop Workstation

Http/XML

Figure 3.2: The cloud-based healthcare infrastructure.

Fig. shows the implemented system architecture that allows the devel-
oping and the deploying of the process automation of data collection, storage,
processing and distribution through a medical device network that uses cloud
computing.

At the preterm infant’s crib there are device nodes that are provided with
hardware components such as serial port or USB port, forming the device inter-
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face, and with software to collect, encode, encrypt and transmit data through
configurable communication channels to be stored, forming the local interface.
Data are picked up through applications of extraction, specifically concerted
for every different type of devices, which use medical communication protocols
or proprietary software to enable the direct data communication and transfer.

After extracting and standardising into XML, through Web Service of im-
portation, data are carried to the cloud database, where they are aggregated.

For security reasons, both during the import process and the storage phase
in the aggregate DB, data are encrypted and accessed, using “strong” creden-
tials as well as other medical authorities (or other health professions, as far
as relevant information about an individual is concerned) authorized by the
physician.

The intrinsic interoperability, obtained by using different device types and
vendors and language independent XML technologies and the widespread HTTP
as a transport, implies that devices can communicate each other and with the
EHR by using Web Services [65].

Web Services, in fact, are web application components that permit the in-
teroperability between different technologies that work in a same network.
These services hide their internal complexities such as data types and busi-
ness logic from their users, but expose their programming interfaces and their
locations using UDDI (Universal Description, Discovery, and Integration) pro-
tocols. They make available a software interface, described in a format which
can be automatically processed, which permits the interaction between other
systems and the Web Service itself by activating the functions available on
the interface (services or requests of remote procedures) through special ”mes-
sages” of request. Such request messages are included in an “envelope” that
is formatted according to the standard XML, encapsulated and transported
via Web protocol. In our case, the XML-based language for describing Web
services application software interface is Web Services Description Language
(WSDL), which is recommended by the World Wide Web Consortium (W3C).
These interfaces, publicly exposed, guarantee the procedures of import data
and access to the database by different authorized medical staff members for
respective allowed functions. The XML-based protocol for accessing Web Ser-
vices is Simple Object Access Protocol (SOAP), which is always recommended
by W3C and the Web protocol on which SOAP operates is HT'TP, the most
commonly used and the only one that was standardised by the W3C.

Web services act like a broker between local medical devices and remote
services. They are able to capture collected data from devices and to send
them to suitable storage service hosted on cloud. They also allow the local
storage for pre-processing, e.g., they allow data to be aggregated or simply
analysed before the transfer to the main system.
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On the other hand, Web Services work as an access point. Users through a
web interface that acts like an application that works on Mobile Devices and
Desktop Workstations, with which the hospital ward is equipped, can interact
with data on the cloud database. Web Services receive requests from that
interface to recover data from the cloud database.

The function of the Utility Computing Provider is to provide logical and
physical infrastructure for data storage, processing and delivery services.

Its main components are the Platform front end interface, the Cloud Storage
and the DBaaS (Database-as-a-Service). The platform front end interface is
able to allow the management of the storage contents and to directly communi-
cate with users. The interface can be a web client or a standalone application.
The cloud storage is the model of data storage in which the digital data is stored
in logical pools and it is based on highly virtualized infrastructure. Database-
as-a-service [66] is one of cloud computing secondary service models and a key
component of XaaS. This may be considered a subspecialty of the bigger Soft-
ware-as-a~service model. In essence, DBaaS is a cloud database, which is a
database that typically runs on a cloud computing platform. It is a cloud com-
puting service model with which there is no need to physically launch a virtual
machine instance for the database so that in such a configuration, application
users do not have to install and maintain the database themselves. All of the
administrative tasks, installation and maintenance are taken care of by the
database service provider and application owners pay according to their usage.

3.1.1 Data Platform

The relational database for the storage and management of data is configured
according to a structure optimized in terms of performance and zero data re-
dundancy.

As DBaaS the Amazon Relational Database (Amazon RDS) for MySQL is
used, since it makes it easy to set up, operate, and scale MySQL deployments
in the cloud. The use of this DBaaS provides to the system all the features that
we have discussed in section 2.1 which are the main requirements to obtain an
efficient cloud-based healthcare infrastructure for medical device integration.
It makes it easy to go from project conception to deployment. It is possible
to access the capabilities of a production-ready relational database in minutes
and without the need for infrastructure provisioning, and for installing and
maintaining database software. It is possible to scale database compute and
storage resources often with no downtime: the engine will automatically grow
the size of database volume as database storage needs grow. It enhances relia-
bility for critical production databases, including automated backups, database
snapshots and automatic host replacement.
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For security reasons, it allows data encryption both during the transit, with
the use of SSL, and during the cloud storage phase. Also backups, read replicas
and snapshots are encrypted. Moreover, data are accessible only by authorized
medical staff members by using strong authorization. There is also the possi-
bility to run database instances in a virtual private network.

3.1.2 Cyber Security

The legislation about the protection of personal data (Legislative Decree no.
30 June 2003 n. 196) provides (art. 31) a general safety requirement under
which the personal data object of treatment should be kept and controlled,
also in relation to acquired knowledge with the technical progress, the nature
of the data and the specific characteristics of the treatment, so as to minimize,
through the adoption of suitable and preventive security measures, the risk
of destruction or loss, even accidental, of the data, unauthorized access or
treatment not allowed or inconsistent with the purposes for collection.

The obligation to adopt the “minimum security measures” (arts. 33 et seq.)
is also provided. In particular, (pursuant to art. 34) the treatment of personal
data carried out with electronics instruments is allowed only if the following
measures are adopted:

- computer authentication;

- adoption of procedures for the management of authentication credentials;

- use of a system of authorization;

- periodic update of the identification of treatment allowed to individual
officers and employees for management or maintenance of electronic in-
struments;

- protection of electronic tools and data against illegal treatment of data,
unauthorized access and certain computer programs;

- adoption of procedures for storing backups, restoring access data and
systems;

- adoption of encryption techniques or identification codes for certain treat-
ments of data disclosing health status or sexual life performed by health

organizations.

Under these conditions, in Nu.Sa. data are subjected to protection with a
“strong” encryption system that guarantees high degree of security; the as-
sumption is that only the rightful owner - the licensed doctor - has access to
the data of his competence through an authentication system (SSO Single Sign
On) described below. The cryptography algorithm is held by a third party, the
Polytechnic University of Marche.
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3.2 Medical Device Network

In order to have continuous and multi-parametric monitoring of premature pa-
tients, a system has been developed based on the connection of several biomed-
ical devices to the platform described above. Thus, the architecture was tested
with the integration of three different type of instruments located in the NICU
of the “Women’s and Children’s Hospital G.Salesi”:

- Patient monitor;

- Bilirubinometer;

- Transcutaneous bilirubinometer.

In the following paragraphs there will be a brief description of each biomed-
ical apparatus listed above.

Furthermore, Python drivers for input devices are developed in order to com-
municate with the devices and acquire data. They work in a Linux environment,
but were tested also on Windows OS.

Communication protocols, that allow the correct flow of data between the
above mentioned infant’s monitoring devices and the platform, will be dis-
played.

3.2.1 Patient Monitor

Figure 3.3: The patient monitor: Datascope Passport 2.

Nowadays, patient monitors, commonly called cardiac monitors, are not lim-
ited to heart rate monitoring, but also control other important vital functions
such as breathing rate, partial oxygen and carbon dioxide pressures in the
bloodstream, temperature, pressure.

For this reason, it is preferable to call this instrument “monitor for the control
of physiological activities”, as they provide signals useful for monitoring, but
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not sufficient for diagnostics. Each parameter is detected by the relative sensor
and processed through a set of special amplifiers and circuits; on the screen
the trends of the parameters of interest are shown, a widespread application in
intensive care units, including neonatal ones.

Associated with the derivation of the ECG (usually I or II) there is often an
acoustic signal, activated by a certain threshold for the QRS complex: every
time it is surpassed by this complex, there is a standardized beep, usually a
pure 800 Hz tone, which indicates the beat.

In addition, patient monitors are equipped with an alarm system, whose
thresholds for the various parameters monitored are set by medical personnel.

The patient monitor used in the NICU of “G.Salesi” hospital is the Datascope
Passport 2 [67] represented in figure

It detects the following parameters:

- Oxygen saturation, SaO2 [%];
- Heart rate detected by the saturimeter [bpm];
- Heart rate detected by the ECG [bpm)];
- Respiratory rate [apm];
Systolic, diastolic and average pressures [mmHg];

Esophageal temperature [°C].

3.2.1.1 Communication Protocol

To communicate with the patient monitor Datascope Passport 2 the Datascope
Bedside-to-VISA for serial communication protocol is used.

The patient monitor transmits parameter data and waveform data in a packet
format with a synchronization word at the beginning of each packet. The
waveform data is in a binary format, the parameter data is in ASCII format.
The parameter data is interspersed in the waveform data.

The patient monitor continuously transmits data in the following sequence:

- Instrument Identification

Patient Data

- Alarm Limits
- Patient Data

This protocol specifies communication in one direction only, transmit. No
data is received by the patient monitor.

Details of the RS232C interface are summarised in table [3.11

The Bedside-to-VISA communication protocol consists of a 74 byte packet
transmitted every 80 milliseconds (table . Each packet consists of two
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Table 3.1: Bedside-to-VISA protocol technical specifications.

Ttem Value
Baud Rate 9600
Parity none
Stop Bits 1
Bits per character 8

Table 3.2: Bedside-to-VISA protocol string.
byte 1 byte 2 bytes 3-20 bytes 21 - 38 bytes 39 - 56 bytes 57 - 74
AA Hex 55 Hex Data + CRC Data + CRC Data + CRC Data + CRC

synchronization bytes, followed by four 18 byte packets. Each 18 byte packet is
17 bytes of data followed by 1 byte Cyclical Redundancy Check (CRC).

Each 74 byte packet contains the following information: 16 ECG samples
(200 H 2z sample rate), 8 samples of each of the three other waveforms (100 H z
sample rate), and sixteen characters from the parameter information described
later in this document (200 characters per second transfer rate). Each waveform
sample consists of 10 bits of data, each ECG sample also includes a pacer detect
flag. The 74 byte packet is split into four 18 byte packets. The four 18 byte
packets split the data up to provide 4 ECG samples, 2 samples of each of the
other three waveforms and four characters from the parameter information.

The contents of each byte are defined in the Service Manual Supplement.

To check the correct transmission of data, the Bedside-to-VISA communi-
cation protocol provides at the end of the sent data string the insertion of 4
redundant control characters, called Cyclic Redundancy Check (CRC).

It consists in adding to the end of the transmitted data sequence redundant
bits, so that the entire sequence constitutes a binary number that can be exactly
divided by another fixed binary number, which must be the same for sender
and receiver, in order to be able to check the integrity of the data by comparing
the calculated CRC with the received one.

The CRC code, expressed in hexadecimal, is obtained by cyclically scrolling
the input data in a logical network, taking into account not only the value of
the bits, but also their position.

An algorithm for calculating the CRC on the received data was then imple-
mented, so that it can be compared with the one sent by the patient monitor
and thus verify the correctness of the received string.

This algorithm has been written by adapting the one reported in the Bedside-
to-VISA communication protocol, i.e. the algorithm used by the monitor itself
to calculate the CRC transmitted at the end of each sent string.
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Figure 3.4: Time trend of the parameters extracted from the patient monitor.

By establishing the communication as described above, the following param-

eters are acquired from the patient monitor:

SpO2, oxygen saturation;

- HR, the heart rate detected by ECG;

SpO2 HR, the heart rate measured by the pulse oximeter;
- RR, Respiratory Rate.

Each response string received is used essentially for two purposes:
- Extract the parameters of interest in a log file;

- Extract the CRC (calculated from the patient monitor) to be compared
with the CRC calculated using the algorithm implemented.
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Figure [3.4] shows the time trend of some of the above listed parameters
extracted from the patient monitor.

3.2.2 Bilirubinometer

Figure 3.5: The bilirubinometer: Ginevri One Beam.

The bilirubinometer is a biomedical instrument designed to achieve accurate
total serum bilirubin concentration (TSB) measurements in newborns through
the analysis of micro-blood samples with a heel puncture. Knowledge of accu-
rate bilirubin levels is essential helping in the successful treatment of neona-
tal jaundice caused by bilirubin aggregation in various body tissues, skin in
particular (classic yellow skin colour observed in jaundice patients). Biliru-
bin aggregation could involve brain tissues causing irreversible patient damage
(kernicterus). Thus, newborns require constant monitoring of bilirubin levels.

Bilirubin concentrations are determined either by whole blood or serum anal-
ysis using spectrophotometric methods or by skin-reflectance measurements
(section [3.2.3).

The three methods of spectrophotometric analysis are the direct spectropho-
tometric method, the Malloy-Evelyn method, and the Jendrassik-Grof method.
Blood samples are required for spectrophotometric analysis. The analysis tech-
nique depends on both the type or types of bilirubin being measured and the
age of the patient (neonate versus child or adult). The reflected light is gener-
ally split into two beams by a dichroic mirror, and wavelengths of 455nm and
575nm are measured by optical detectors.

Transcutaneous bilirubinometers do not require a blood sample. A light-
emitting sensor is placed on the infant’s skin (optimally on the forehead or
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sternum).

The bilirubinometer used in the NICU of “G.Salesi” hospital is the Ginevri
One Beam [68] represented in figure

It allows for a prompt photometric analysis of bilirubin in the serum (conju-
gated and non-conjugated total) using a capillary tube as an optical cell. Biliru-
bin concentration is determined through a photometric measurement at 455nm
and 575nm wavelengths: the first wave length indicates bilirubin levels while
the second informs on any interfering agent presence, essentially haemoglobin.
A mathematical model accounts for haemoglobin interference resulting in an
accurate bilirubin result.

The HD OLED display indicates both bilirubin (mg/dl and pmol/l) and in-
terfering agent (g/dl) values. One Beam uses a single optical beam projected
onto a fixed point of the sample due to a particular automatic filtering system.
The system achieves a “clean” light beam free of any disturbing frequencies
reducing negative bilirubin photo-isomerization effects thus ensuring a stable
signal. An accurate signal is also achieved as an only one point on the capillary
tube is measured eliminating any errors observed in past generation devices
with two measure points. Lastly a stronger signal results due to the use of
a single rather than a split beam. A particular collimation and beam con-
centration system allows for reading results even with limited serum sample
quantities obtained after centrifugation, as in polycythemia cases (up to 80%
haematocritic levels) or partial capillary tube filling. Advanced microprocessor
controlled electronic technology enables better signal processing transformed
into the corresponding bilirubin level promptly indicated on the display. The
printer enables quick printing of any test results.

3.2.2.1 Communication Protocol

In this case, the communication protocol is much simpler than in the previous
case, since the bilirubinometer transmits only a parameter data in ASCII
format and not a waveform data.

An example of ASCII output is: “GINEVRI ONE BEAM 09/11/16 11:19
BILIRUB. 06.7mg/dl EMO. 0.28¢/dl” and in HEX is: “47 49 4E 45 56 52 49
20 4F 4E 45 20 42 45 41 4D 20 30 39 2F 31 31 2F 31 36 20 31 31 3A 31 39 20
42 49 4C 49 52 55 42 2E 20 30 36 2E 37 6D 67 2F 64 6C 20 45 4D 4F 2E 20
30 2E 32 38 67 2F 64 6C 0D 0A”.

The contents of each character are defined in table 3.3

For the bilirubinometer to verify data integrity, the transmission of the same
data unit is repeated 10 times.

In addition, the string is associated with the patient’s ID written on a barcode
held in the infant’s crib. In particular, an algorithm has been developed that
waits for the code to be read by a wireless barcode scanner and then for the
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Table 3.3: Communication protocol of Ginevri One Beam.

#Byte ASCII HEX |#Byte ASCII HEX |#Byte ASCII HEX

1 G 47 23 / 2F 45 7 37
2 I 49 24 1 31 46 m 6D
3 N 4E 25 6 36 47 g 67
4 E 45 26 20 48 / 2F
5 A% 56 27 1 31 49 d 64
6 R 52 28 1 31 50 1 6C
7 I 49 29 : 3A o1 20
8 20 30 1 31 92 E 45
9 O 4F 31 9 39 53 M 4D
10 N 4E 32 20 54 O 4F
11 E 45 33 B 42 55 . 2E
12 20 34 I 49 56 20
13 B 42 35 L 4C o7 0 30
14 E 45 36 I 49 o8 . 2E
15 A 41 37 R 52 59 2 32
16 M 4D 38 U 55 60 8 38
17 20 39 B 42 61 g 67
18 0 30 40 . 2E 62 / 2F
19 9 39 41 20 63 d 64
20 / 2F 42 0 30 64 1 6C
21 1 31 43 6 36 65 0D
22 1 31 44 . 2E 66 0A

string from the bilirubinometer. At the end, the string that arrives at DB
through REST API is visible in table

Table 3.4: Communication string of Ginevri One Beam.

s:4: “data”;s:230:

it

“infantID" : 01315052601,
“vendor” : “GINEV RI",
“instrument”’ : “ONEBEAM",
“datetime” : “6/06/1717 : 35",
“timestamp” : “2017 — 06 — 1615 : 39 : 01.745882"
“bilirubin’ : 4.2,
“bilirubinUnit” : “mg/dl"”,
“hemoglobin” : 0.24,
“hemoglobinUnit" : “g/dl"

}//,
)

The interface of Python driver is visible in figure [3.6
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Figure 3.6: The bilirubinometer driver interface developed in Python for Ginevri One
Beam input.

3.2.3 Transcutaneous Bilirubinometer

Figure 3.7: The transcutaneous bilirubinometer: Drdager JM-105.

The current gold standard to measure bilirubin levels is TSB concentration
determination from a blood sample obtained by the use of bilirubinometers
described above. Although over the years this method has been proven to be
successful in preventing kernicterus [69], it has its drawbacks. Invasive blood
sampling is painful and stressful for the neonate, resulting in blood loss and an
increased risk for osteomyelitis and infections at the site of sampling [70} [7T].

A possible alternative for invasive blood sampling is transcutaneous biliru-
binometry, a noninvasive and painless method that provides an instantaneous
read-out of the cutaneous bilirubin concentration (TcB).
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Transcutaneous bilirubinometry is based on optical spectroscopy, which re-
lates the amount of light absorption by bilirubin (i.e., the yellow color of the
skin) to the concentration of bilirubin in the skin. The first transcutaneous
bilirubinometer was introduced in 1980 [72]. Since then, several more devices
have been developed, and important adjustments, such as the correction for
the presence of other skin chromophores (i.e., melanin and hemoglobin), were
made to improve their accuracy [73} [74] [75] [76] [77]. These “second genera-
tion” bilirubinometers are suitable for screening of hyperbilirubinemia, leading
to a considerable decrease of the number of hospital readmissions [78] and a
decrease of the amount of required blood samples from patients [79]. Hence,
the use of transcutaneous bilirubinometers is recommended in clinical practice
guidelines on the management of hyperbilirubinemia [80], but only as a first
control measure for what concerns NICUs, as will be explained later in section
4. 1.3

The transcutaneous bilirubinometer used in the NICU of “G.Salesi” hospital
is the Drager JM-105 [81] represented in figure

Dréger JM-105 has to be placed on the infant’s forehead or sternum, it di-
rects white light into the skin and measures the intensity of the returning wave-
lengths. It analyses the spectrum of optical signal reflected from the neonate’s
subcutaneous tissues: it measures hemoglobin, dermal maturity, melanin, and
bilirubin, and then, by using known spectral characteristics of each of these
components, subtracts all but the bilirubin to arrive at a measurement.

It has an integrated barcode scanner that can automate data entry, storing
patient and nurse ID, medical record number, patient name, and date of birth.
Automated data entry permits to saves time and reduces the likelihood of
manual input errors. In the NICU of “G.Salesi” hospital the infant’s barcode
is read with the device incorporated scanner, while the rest of the data is
entered with the keypad.

3.2.3.1 Communication Protocol

The communication protocol used by the Dréager JM-105 transcutaneous biliru-
binometer is HL7 Standard Protocol.

The HL7 Standard was created and is maintained by Health Level Seven, an
American National Standards Institute (ANSI) accredited Standards Develop-
ing Organization (SDO) that operates in the healthcare arena [82], consisting
of hospital, vendor and consultant volunteers.

Initial efforts began in March of 1987 and continue to date. Now, the HL7
Standard is broadly divided into two categories — Version 2 (V2) and Version
3 (V3). The majority of HL7 messaging employs messages that use the 2.3 or
2.3.1 versions of the standard. Newer versions of the standard, including V3,
represent only a small portion of real-world usage in interfacing.
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HL7 design is based on a set of general goals. The first goal is to be supportive
rather than prescriptive. This is an important philosophy and is absolutely
necessary in the very heterogeneous health care computing environment. The
second goal is that it be practical, which to the developers of HL7 means that it
should function in a wide range of environments, from complex networks (e.g.
a full seven level ISO type network) to simple terminal/host environments (e.g.
RS232 connection). The third goal is that the standard should accommodate
site specific variations. This has been accomplished by allowing sites to create
their own message types and record definitions. The fourth and final goal is
to support evolutionary growth. This capability has been built in by requiring
that changes to the record definitions be made only by adding fields and never
by deleting.

The central paradigm of the protocol is the exchange of messages between
applications that want to communicate. HL7 messages transmit data between
disparate systems. An HL7 message consists of a group of segments in a defined
sequence, with these segments or groups of segments being optional, required,
and/or repeatable (referred to as HL7 cardinality). A segment is a logical
grouping of fields containing data. The HL7 message type defines the purpose
for the message being sent and is present in every HL7 message. Message types
are identified by a three-character code, and are used in conjunction with a
trigger event. An HL7 trigger event is a real-world event that initiates com-
munication and the sending of a message, and is shown as part of the message
type. Both the message type and trigger event are found in the MSH-9 field
of the message. MSH segment is the first mandatory segment that gives infor-
mation about the calling, receiving, triggering event, version of protocol used
and so on. Each segment starts with three characters that uniquely identify
the segment within the message.

Table shows the message exchanged between the Dréger JM-105 tran-
scutaneous bilirubinometer and SINC infrastructure.

It is an OU L A R22 message type, that is an “Unsolicited Specimen Oriented
Observation Message”, of 2.5.1 HL7 version, as it is possible to see from the
MSH (Message Header segment).

The Patient Identification segment (PID) is used by all applications as the
primary means of communicating patient identification information. In biliru-
binometer message this segment contains the id_code (01315052601), described
above, that is read by the barcode scanner incorporated in the device before
the measurement.

The Observation/Results segment (OBX) is used to transmit a single ob-
servation. Here, there are 3 OBX segments: the first is used to transmit the
value of the transcutaneous bilirubin measurement (5.5), the unit of measure-
ment (mg/dl), the measurement date and time (20160309132951), the nurse
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ID (Rossi) and the device ID (3501198); the second is used to return the result
of the comparison between the measurement value and the value considered
normal; the third is used to return the advice to carry out phototherapy.

The OBR segment generally transmits information about an exam, a diag-
nostic study/observation, or an assessment that is specific to a result. In this
case it gives information about the presence of neonatal jaundice.

The information contained in the last two OBX segments and in the OBR
segment are not actually used because NICU medical staff follows specific guide-
lines, which will be described below (section .

The Specimen Model (SPM) and the Common Order (ORC) segments give
other information about the measurement, as the message time.

Table 3.5: HL7 Protocol

MSH| N &|JM — Slw|Nursery|LISSystem|Lab.|20160309134533||OUL A R22A
OU Lx22|20160309134533 — 0017|P|2.5.1 A US||||||[ASCII

PIDI|||01315052601|| AAAAAAL

SPM|1|[|FOREH|||||III1]]|20160309132951

OBX]|1|SN|01 A Jaundice A 990 P1|1| A 5.5|mg/dl|||||F|||20160309132951]|
ANAAANNNANT ANANANA|3501198

OBX|2|CE|02 A Priority A 990P1|1]01 A NORM AL A 990 P2||||||F

OBX|3|CE|03 A Phototherapy A 990P1]1|00 A NO A 990 P3|||||| F

OBR|1]||01 A Jaundice A 990 P1|||20160309132951||(||[1//]]/|20160309132951||| F

ORCICN[|C M|

To verify data integrity the transmission of the same data unit is repeated
10 times.

3.3 The end-user web interface

The same logic which led to the SINC project, has allowed different providers
to make available to users, resources and tools able to functionally connect to
the database in the cloud. It is currently available on-line a web interface [83],
equipped with the main functions of the outpatient clinical record, which works
as an application on Mobile Devices and Desktop Workstations. This service
acts like a portal where medical staff members can access all available informa-
tion.
The user interface is built using the following architectures for different ap-

plication areas:

- PHP as the server side scripting language;

- JavaScript as the client side scripting language;

- for the developing of the client side Web application it is used AngularJS,

which is an infrastructure composed of a lot of functionalities.
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As already said, it is connected to the cloud database through WS-SOAP. It
consists of a cross-platform solution that can be used with Windows, Linux and
Mac, tablet Apple iOS, Android and Windows RT, while maintaining the same
user interface. It is a simple and user-friendly interface that does not require
special training. It is based on the paradigms of tablet and touch screen in
order to minimize necessary interactions to access information and functions.
Anyway, it is equipped with a user manual accessible through a click on the
portal.

In addition, unlike the traditional medical records, mostly based on “pull”
logic where the user needs to know what to look for, it adopts “push” logic
where the system suggests to the user what to see and what actions to carry
out on the basis of rules and clinical protocols.

3.3.1 Authentications, Authorizations and Privacy Policy

In the SINC architecture, authentication (user and password) is ensured by
a system of Single Sign On (SSO). In the system, an algorithm is defined to
establish the authorization in relation to the management for access to data
clusters. The generation of credentials can be activated from SINC website,
where one can also access the procedures for password renewal

SystemImprovement @ NeonatalCare

Please
Login

JEF - UNIVPM - OSP. SALESI Credits

Figure 3.8: SINC authentication.

Data are encrypted using an encryption algorithm, both during the flow and
storage phase in the cloud. The cloud system of SINC records the accesses
to assisted records of the cloud; then each consultation-modification of the
database in cloud is tracked completely, allowing one to go back to the infor-
mation entry source and the time when the logging took place. The database
in the cloud is available to physicians that, before being allowed access to the
cloud data import service of SINC, must be registered at the portal, so that
the proper credentials may be released.
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Such credentials are provided during registration and are activated after the
physician has agreed to a procedure sent via email. The credentials allow access
to the database in cloud and its interoperability using tools made available by
SINC.

SINC also provides a system that allows the authentication of infants’ par-
ents, permitting direct involvement of the user, aimed to encourage co-respon-
sibility and empowerment policies. The patients parents will be provided with
authentication credentials to access an area of the database in the cloud, func-
tionally correlated with the record of care. In this area there is a section
dedicated to the consultation of specific health records made available to the
patients’ parents directly by physicians, one for possible input of data, and still
another where parents can manage the “Patient Summary” of their children

(authorization/concealment of individual items).

3.3.2 Applications, Tools and Services

The web interface contains several tools and applications as figure [3.9| shows.
Each tool has been developed with the support and the supervision of the NICU
medical staff “G.Salesi” hospital in Ancona.
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Figure 3.9: SINC home.

These applications interact with the DB through the SINC Web Services,
supporting the physician in his professional activity, encouraging the improve-
ment of his clinical practice and facilitating the implementation of certain care
functions.

They are available to adapt clinical data of a single patient through algo-
rithms that will be described in the next chapter, in the wake of the most recent
evidence-based medicine (EBM) documents intended for diseases, including
production at the “point of care” of clinical recommendations contextualized
to the specific clinical case.
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There are also systems for access to self-audit, that have been articulated
into several functions, accompanied by benchmarking activities, to ensure ad
improve data collection quality.

Another important function is to allow an automatic data backup and dis-
aster recovery. These are two aspects very important for physicians, in fact for
disciplinary management and confidentiality of medical data, there are data
saving procedures with allocated frequencies to avoid the risk of loss of the
same data.

The electronic online platform automatically makes frequent backups, al-
lowing full restoration of the database in real time, decreasing risks and re-
sponsibilities for the physicians. In addition, for initiatives of tele-diagnosis,
tele-consultation, and tele-monitoring, the project offers the possibility to auto-
matically insert reports, data and consultancies (always through web services).
This occurs in well-defined locations of the patient record of the DB in the
cloud, thus completing a “transparent” mode for the activities of a physician
engaged in a professional service.

3.3.2.1 Clinical Tools

As said, SINC platform will consist of several tools, some of which are already
fully developed and functioning, others being developed such as those relating
to diseases and problems, diagnoses and therapies.

In this section the functionalities of the implemented tools of the platform,
accessible from the SINC portal, are briefly described.

In the next chapter the focus will be on three of these tools, which have
seen the application of decisional algorithms and computer vision techniques
applied with the aim of helping physicians in everyday clinical practice.

3.3.2.1.1 Anagraphic Tool

The “Anagraphic Tool” represents the storage in which the main patient in-
formation is summarized. It is structured on several fields, not all of which are
mandatory, in order to allow a mapping as precise as possible of the information
relevant for infants management.

An independent personal database has been created, with encrypted sensitive
data, which has been developed in a very simplified way. However, it will be
linked to the Public Health Corporation personal database.

In particular, it will be connected with the ARCA (“Anagrafe Centralizzata
Regionale Assistiti”), which is the set of personal data relating to all citizens
who use health services at ASUR (“Azienda Sanitaria Unica Regionale”), the
local health authority of Marche Region, and at Marche Region Hospital Cor-
porations and certified by the Ministry of Economy and Finance.
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In this way it will be possible to benefit from all the functionalities of the
ARCA, that performs the function of an Enterprise Master Patient Index
(EMPI). In fact, it solves the problem of unambiguous patient identification
and allows the patient’s clinical history to be linked to a known demographic
position. The ARCA-EMPI platform also acts as a centralized system for the
management of reference dictionaries for personal data (e.g. the coding of mu-
nicipalities, nationalities, local health authorities, regions and so on), and it
is responsible for obtaining from the appropriate sources a series of regional
catalogues and for making them accessible at a centralized level by means of
special services (e.g. health care services, drugs and medical devices, affiliated
doctors, healthcare facilities and so on).

The tool will also be linked to the medical record used in the Gynaecology
and Obstetrics clinic ward of “G. Salesi” hospital in order to create a transversal
link that allows information about the infant’s mother to be obtained quickly
and directly.

Immediately after birth, the newborn infant is registered on the platform. In
this way he is given a unique code which will be used throughout the hospital
stay. Afterwards the medical staff members can retrieve the page related to
the infant and fill in the missing data. The module, in fact, allows the his-
toricization of changes to the patient data in order to support the concept of
temporary patients recording.

The required information is distributed on different web pages. In particular,
there are a patient’s registry (figure , where, in addition to data relating
to the newborn, essential information on parents is requested, and a registry
totally dedicated to infant’s mother information. This is a very detailed part
where not only the personal data are recorded, but also a lot of information
related to pregnancy, delivery, possible complications of delivery, possible in-
fections contracted by the mother during pregnancy and the tests carried out.
It is possible to extract personal data from the SINC DBaaS for statistical and
directional processing.

3.3.2.1.2 Growth Tool

The “Growth Tool” permits to insert and archive data on the patient’s growth
during hospital staying (see figure[3.11]). The data required are: weight, length,
and head circumference, with a frequency that depends on the parameter:
weight is measured once a day, while the other indicators are measured once a
week. On the basis of these frequencies, which can be modified if authorized,
a reminder is sent to the medical staff to remind them of the need to take the
measurement.

During the insertion phase of the measurements, algorithms have been de-
veloped that compare the value inserted with the previous one with several
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Figure 3.10: SINC “Anagraphic Tool” - Patient’s registry.

Figure 3.11: SINC “Growth Tool” interface - Patient’s growth data.

warning levels. If, e.g. in the case of weight, the new entered measurement
exceeds the previous weight by a value equal to 5%, the person entering the
data is informed with an alert; if it exceeds by a value of 7%, he is asked to

repeat the measurement.
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Moreover, other growth-related information such as tibia length, forearm
length, skin folds and many others, can be entered and displayed on another
web page.

Afterwards, historical data and a whole series of parameters and indicators
extracted from the real time analysis of these data can be displayed (see fig-
ure , such as the growth rate with respect to the last measurement, the
growth speed in the last 3 days or in the last 7 days; the nadir value and the
recovery value. The nadir value for weight, for example, is calculated as the
lowest weight achieved by the infant (the infant suffers a drop in body weight
after birth), followed by 3 consecutive increasing measurements; while the value
of recovery is the weight of the first day on which it exceeds the birth weight,
always followed by 3 consecutive increasing measurements.

Figure 3.12: SINC “Growth Tool” interface - Patient’s growth parameters.

On another web page (see figure , all these measurements are graphi-
cally compared with the World Health Organization (WHO) Growth Standard
Curves [84]. These curves can be of two types, z-scores and percentiles, and
depend on the patient’s gender and hours of life. The values are also compared
with the z-scores curves modified according to the characteristics of the parents
in accordance with “The Generation R Study” work [85].

In fact, identification of growth patterns within the normal range requires
comparison with prescriptive standards based on growth of babies classified
as healthy. Additionally, standards can be used to monitor and assess the
effectiveness of interventions and avoid ill-effects, such as overnutrition. Thus,
growth charts permits to follow infant’s progress over time and compare it to
the growth of a healthy child of a comparable build and to detect failure to
thrive.

3.3.2.1.3 Nutrition Tool

The feeding of the premature infant is extremely important because it ensures
that the infant has all the essential substances to complete its development.
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Figure 3.13: SINC “Growth Tool” interface - Patient’s growth graphs.

Generally, the nutrition of the preterm infant may be enteral (with gastric
tube or bottle) or parenteral (with intravenous administration).

Enteral nutrition (EN) consists of feeding the baby with breast milk (which
is however enriched with fortifying breast milk to increase especially the intake
of protein, fat, calcium, phosphorus and sodium) or, alternatively, milk in a
specific formula for preterm infants. This type of nutrition is generally indicated
for infants where the mechanism of sucking-deglutition is present (infants with
a GA between 30 and 32 weeks).

For infants under 30-32 weeks of GA gavage nutrition is generally necessary,
which is feeding breast milk through a gastric tube.

When it is not possible to administer the basic nutrients (glucose, amino
acids, lipids, electrolytes, minerals, vitamins and trace elements) through the
enteral pathway, that is to say through the gastrointestinal tract, parenteral
nutrition is used, and this occurs especially in very premature infants weighing
less than 1000 g.

Parenteral nutrition (PN) is an intravenous diet in infants who are too young
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to feed themselves with the breast milk or bottle. The baby is then fed thanks
to special bags containing nutrients and drugs products. Bags may be ready
or prepared by the hospital pharmacy.

The composition of the solutions to be administered to infants is determined
by specialists using computer programs that can calculate, based on precise
parameters, the amount and quality of nutrients to be given [86], [87].

Because of fetal growth being more rapid than infant growth, the extremely
preterm infant has extraordinarily high nutrient requirements and thanks to
parenteral nutrition it is possible to cover nutritional needs from the first min-
utes of life in a very premature infant. However, when the infant is stable
it is extremely important to introduce enteral nutrition that can be started
with a minimum milk content, commonly called “minimal enteral feeding”, to
stimulate the maturation of the intestinal mucosa.

In SINC DBaaS a table with all 98 nutritional ingredients (both for EN and
for PN) used in Marche Region Hospitals has been created. Among these, it is
then possible to use those that are used in the “G. Salesi” Hospital pharmacy
because each one uses different ingredients.

An algorithm has been implemented in the “Nutrition Tool” (see figure
which, on the basis of data taken from the “Anagrahic” and “Growth” tools
for a certain infant (life days, GA at birth, current GA, weight and so on) and
on the basis of nutritional schemes created by the head physician of NICU of
“G. Salesi” Hospital together with specialists of the sector, advises the total
amount of fluids to be administered to the infant with EN, when possible, with
PN, or with a mix of the two.

The algorithm, then, by removing from the total daily fluids, the amount of
liquids administered with EN and drugs, automatically prescribes the bag for
parenteral nutrition.

The doctor is instructed to choose what type of PN to administer (central or
peripheral venous catheters) and whether to use one of the pre-packaged bags
or not. If the choice is made on bags that are not pre-packaged, but prepared by
the hospital pharmacy, the physician is guided by the algorithm in the choice of
ingredients to be administered and of their quantity in order to respect the en-
ergy requirements and the molarity corresponding to the particular conditions
of the infant at the time of administration.

Since the ingredients in most cases are found in compounds, an algorithm
for compensating the ingredients in the bag had to be implemented.

All data from the tool are saved in the SINC DBaaS and they can be corre-
lated with those of “Anagrahic” and “Growth” tools, with those coming from
follow-ups studies (see next paragraph) and in the future also with those com-
ing from other SINC tools, such as those that will concern diseases, diagnoses
and therapies in order to perform randomised and prospective studies that cor-
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Total fluids administered with prescribed enteral and
parenteral:

Figure 3.14: SINC' “Nutrition Tool” interface - Patient’s nutrition administration.

relate nutrition modalities (EN, PN) and the specific nutritional intakes with
long-term outcomes.

3.3.2.1.4 Bayley Tool

The medical care provided to preterm infants has been progressively flanked
by methods of psychological care and assistance both in the Neonatal Intensive
Care wards and after discharge, in order to monitor the development of these
children and improve their quality of life even after their resignation. Preterm
births, in fact, even when they do not have neurological damage, may present
minor medical problems and sequelae, such as motor, relational, cognitive,
linguistic, learning and behaviour problems.

Therefore, many doctors and scholars deal with the neurological, physical
and psychological development of preterm born children, through evaluation
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and screening tools to be used in the follow-up of these children to improve
their evolutionary path.

Among the evaluation and screening tools used in follow-ups at “G.Salesi”
Hospital there is the Bayley test.

Test di Bayley

SCALA COGNITIVA

48, Sorio dol oco di rolaziono: 5o stesso

49, Serio della tavoletta rosa: 1 pezzo

50, Trova Foggetto nascosto (spostamento visbile) o)

51, Serie della tavolelia bl 1 pazzo

Figure 3.15: SINC “Bayley Tool” - Automated Bayley test interface.

The Bayley Scales of Infant and Toddler Development (Bayley-III is the
current version) is a standard series of measurements originally developed by
psychologist Nancy Bayley used primarily to assess the development of infants
and toddlers, ages 1-42 months [88]. This measure consists of a series of devel-
opmental play tasks and takes between 45-60 minutes to administer [89] and
derives a developmental quotient (DQ).

Raw scores of successfully completed items are converted to scale scores and
to composite scores. These scores are used to determine the child’s performance
compared with averages taken from typically developing children of their age
(in months).

The most recent edition, the Bayley-III has 5 main subtests, 3 with direct
administration (cognitive, language and motor) and 2 addressed to parents
(social-emotional and adaptive behaviour).

- The Cognitive Scale (Cog) evaluates the development of motor sense,
exploration, manipulation, memory, the relationship between objects and
the formation of concepts. It includes items such as attention to familiar
and unfamiliar objects, looking for a fallen object, and pretend to play
with them.

44



3.3 The end-user web interface

- The Language Scale (Lang) taps understanding and expression of lan-
guage, for example, recognition of objects and people, following direc-
tions, and naming objects and pictures. It is divided into two subscales:

— Receptive Communication (RC), which examines preverbal behaviour,
vocabulary development and verbal comprehension;

— Expressive Communication (EC), which assesses communication,
vocabulary development and morphosynthetic vocabulary develop-
ment.

- The Motor Scale (Mot) assesses gross and fine motor skills such as grasp-
ing, sitting, stacking blocks, and climbing stairs. It is divided into two
subscales:

— Fine-motor (FM), which examines the manipulation of objects, tak-
ing and responding to tactile information;

— Gross-motor (GM), which evaluates posture, dynamic movement,
balance and coarse-motor planning.

There are two additional Bayley-II Scales depend on parental report, includ-
ing:

- The Social-Emotional scale, which asks caregivers about such behaviors
as ease of calming, social responsiveness, and imitation play. It analyses
the child’s mastery of his or her emotional function, communication needs
and ability to relate with others.

- The Adaptive Behavior scale which asks about adaptions to the demands
of daily life, including communication, self-control, following rules, and
getting along with others. It evaluates the subjects’ daily functional
abilities.

The Bayley-I1I Cognitive and Language scales are good predictors of preschool
mental test performance. These scores are largely used for screening, helping
to identify the need for further observation and intervention, as infants who
score very low are at risk for future developmental problems [90, 911 [02].

In the “Bayley Tool” these tests have been automated, as it is possible to see
from the web interface of the tool in figure [3.15] The caregiver has no longer to
write down the results of the items and then make the necessary calculations
to get the score, he can quickly scroll through questions on the tablet and take
advantage of the automatic grading done by the implemented algorithm.

In this way, besides avoiding calculation errors, it is possible to immediately
visualize patient’s score at an individual level and above all it is possible to
examine the results on question level to learn, for example, which item is more
difficult for children, at what age and so on.

Scores and responses to individual items are saved in the SINC DBaaS and
can be downloaded and used for further analysis.
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In each tool, an automatic reporting mechanism has been set up that gener-
ates reports in pdf format that can be used as medical reports to be delivered
to the parents of patients, to be entered in the ward medical record and sent
to the regional EHR, with which the SINC platform will be linked using the
ARCA-EMPIL.
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Chapter 4
Decision-Making Tools

4.1 Bilirubin Tool

Jaundice is the yellow colouring of the skin, sclera and gums caused by bilirubin
deposition. In newborns, sclera and gums are difficult to see and therefore
the yellow colouring of the skin is used to define the newborn jaundice, while
they may be more useful in coloured babies. The assessment of skin jaundice
should be made in a well illuminated environment and on compressed skin
to remove neonatal erythema. However, it is important to remember that
the cephalocaudal progression of jaundice can be used as an indication of the
evolution and gravity of jaundice, but it does not have a significant correlation
with the level of bilirubinaemia [93] [94].

Bilirubin is a yellow pigment derived from the catabolism of haemoglobin. It
is continuously formed in both foetus and newborn babies and is transported in
the blood associated with albumin because it is a non-polar compound. In the
foetus bilirubin is eliminated from the placenta, while in the newborn it must
be conjugated by the liver and eliminated through the bile. However, infant’s
liver is not able to eliminate the amount of bilirubin produced in the first days
of life and for this reason bilirubinaemia increases and causes physiological
hyperbilirubinaemia.

Physiological jaundice is an event that affects more than 60% of healthy term
infants and generally has the following characteristics [95]:

- it appears after the first 24 hours of life;

- it reaches the maximum intensity between the 3"¢ and 5" day of life in
term infants and in the 7" day in preterm infants;

- bilirubinaemia rarely exceeds 12-13 mg/dl (205-222 pmol/1);

- the increase in bilirubinaemia is <0.5 mg/dl/hour (8.5umol/l/hour);

- Asian, Hispanic and South American populations may have higher biliru-
binaemia;

- it is no longer evident after 14 days of life;

- it disappears without any treatment.

Pathological jaundice differs from physiological one because of, generally, it
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presents the following characteristics:
- it appears in the first 24 hours of life;
- bilirubinaemia often exceeds 15 mg/dl (259 pmol/l);
- the increase in bilirubinaemia is >5 mg/day;
- it can last beyond the first 14 days of life in term infants and beyond the
first 21 days of life in preterm infants;
- it always requires treatment (usually with phototherapy).

As said, the reliability of jaundice visual assessment is limited and so at least
one measure of bilirubin must be taken for each newborn baby. As explained
in chapter [3] there are two ways to measure bilirubin: TcB, can be used as a
first measure because it is less invasive but less reliable, and TSB, that it is
always necessary to do when bilirubin values are high and in any case before
taking any therapeutic decision.

Jaundice can become dangerous, when the serum concentration of un-con-
jugated bilirubin becomes so high that it causes damage to central nervous
system structures [96].

The risk of neurological damage from bilirubin depends, first of all, on the
serum concentration of total bilirubin: the higher it is, the greater is the pos-
sibility that free bilirubin can enter the brain cells. In healthy term infants,
the level of bilirubinaemia may become dangerous in presence of risk cofactors
when it is >350 umol/l (20.5 mg/dl), while for preterm infants it is dangerous
at > 255 pmol/l (15 mg/dl). The gestational and postnatal age (PA) must also
be considered: the lower they are, the greater is the possibility of damage, as
the higher the permeability of blood-brain barrier. There are also other factors
that favour the permeability of the blood-brain barrier (e.g. severe aptitude,
hypothermia, respiratory failure, acidosis, hypoglycemia, haemolysis, sepsis,
meningitis, neurological pathology and drugs), which must therefore be taken
into account.

Another factor to consider is haemolytic disease of the newborn, caused by
the transplacental passage of maternal antibodies against the red blood cells
of the fetus/neonate; the haemolysis that results in anaemia and hyperbiliru-
binaemia in the fetus and newborn.

The most important causes of feto-neonatal haemolysis are Rh isoimmu-
nisation disease [97], caused by anti-D antibodies produced by Rh negative
mothers against the Rh positive red blood cells of the fetus (it may occur when
the mother is Rh negative and the Rh positive fetus) and ABO haemolytic dis-
ease [08], which occurs when the mother is a group 0 and the fetus is a group
A or B.

If not diagnosed and treated in time, acute bilirubin encephalopathy (ABE),
also known as Kernicterus, can cause central deafness, mental retardation and

athetoid cerebral palsy or severe hypotonia and may also lead to death [99] [T00].
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Prevention of ABE is achieved by avoiding high levels of bilirubinaemia with
the following strategies [101], [102]:

- early feeding (better breasts) to reduce weight loss, dehydration and the
entero-hepatic bilirubin circle;

- early detection of critical bilirubinaemia values;

- adequate treatment with phototherapy;

- treatment with immunoglobulins in case of Rh or ABO haemolytic dis-
eases [103], even if their efficacy is debated,;

- blood exchange transfusion (BET) when indicated.

The main remedy for solving neonatal jaundice is phototherapy (PT), a cu-
rative technique based on the use of light. Light of a certain wavelength is able
to induce in bilirubin an isomerisation that transforms unconjugated bilirubin
into hydrosoluble compounds (lumirubin and photobilirubin) that are excreted
with bile without the need for liver conjugation [104]. During treatment biliru-
binaemia decreases quite rapidly (4-8 mg/dl every 24 hours). This reduction
depends on the light spectrum used (e.g.: blue light is more effective than
white light), the radiance (between 10 and 40 pW/cm?/nm), the skin surface
exposed to light (preferable supine position) and the distance between the lamp
and the newborn skin (between 20 and 40 e¢m). During the treatment, which
must be continuous and non-intermittent, baby must be placed naked (the dia-
per is allowed) at a distance < 40 ¢m from the lamp with eyes covered to avoid
damaging the retina.

Excluding hyperbilirubinaemia cases due to Rh and ABO haemolytic dis-
eases, the need for BET is very limited [105] [T06]. In particular, it is necessary
in the case of hyperbilirubinaemia that does not respond to the treatment with
intensive PT to avoid cases of ABE. A newborn infant showing clinical signs of
ABE should undergo urgent BET intervention. Intensive PT must always be
started while waiting. The BET must be carried out after having obtained the
informed consent of the parents, in an intensive ward with monitoring during
and after the operation and with the possibility of carrying out all necessary
resuscitation operations [107].

4.1.1 Related Works

Neonatal hyperbilirubinaemia is the most frequent problem that every neona-
tologist has to face in daily practice. Approximately 60% of term ad 80% of
preterm infants have a visible jaundice that causes diagnostic and therapeu-
tic problems. The attitude of neonatologists towards hyperbilirubinaemia has
changed considerably in recent years: from an excessive attention to every “yel-
low” newborn in the period during which RH isoimmunisation prevailed, to a
less caution after the disappearance of this pathology and the advent of PT in
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the therapeutic scenario, until no longer considering jaundice as a problem in
the last decade.

The early discharge of newborns [I08], the consideration of infants with a
35-36 weeks GA as comparable to term infants, and the promotion of exclusive
breastfeeding [I09] have made hyperbilirubinaemia resurfaced as a “problem”.

Hospitalisation for jaundice after early discharge, severe hyperbilirubinaemia
with acute neurological symptoms and more frequent cases of nuclear jaundice
(kernicterus) with serious chronic outcomes have re-proposed a problem that,
although not disappeared, has certainly had a resurgence [110].

For this reason, in the last twenty years numerous studies have been con-
ducted on how to diagnose and treat neonatal pathological jaundice [TTT] TT2]
113] and especially on how to predict and prevent it [114), [TT5] [T0T], [1T6].

In this respect, many studies have been carried out on possible causes [117]
and on risk factors and how these are correlated with the onset of hyperbiliru-
binemia [IT8], [119] [120].

Moreover, in recent years, numerous studies have been conducted on the
correlation between TSB and Tc¢B [121], [122]. As already mentioned, in fact,
non-invasive methods are currently available for the dosage of bilirubin in the
undercuts, allowing to reduce invasive and painful determinations by sampling
blood on the heel [123]. However, several studies show that only in the concen-
tration range of 6 to 12 mg/dl (103-205 pmol/l) transcutaneous determination
provides a reliable estimate of blood concentration in term and late preterm
infants [75] 124], [125].

To prevent adverse outcomes resulting from neonatal hyperbilirubinaemia
and to support healthcare physicians in neonatal jaundice assessment and qual-
ity of care improvement, standardised protocols for the identification and eval-
uation of hyperbilirubinaemia were established in many countries.

Clinical practice guidelines support clinicians by synthesising up-to-date ev-
idence and suggesting best practices; however, they are underused in prac-
tice and not always effective in influencing physician behaviours in patient’s
care [126, [127]. Among the reasons is that they are provided to healthcare
professionals on a paper-based format and this contributes to decreasing their
friendliness.

To facilitate guidelines implementation in everyday practice some evidence-
based decision support systems have been developed to automate recommen-
dations such as in [128], in [129] and in [I30], where a model is proposed so
that, by entering the various information related to a patient, an output advice
on the behaviour to be taken in that situation is obtained, based on the guide-
lines respectively delivered by Spanish [131], American [I32] and English [I33]
international scientific societies.

In [I34] Dani et al. showed that also in Italy, as in other countries, the di-
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agnostic and therapeutic approach of neonatal hyperbilirubinaemia is not well
codified, hence the need felt by the Italian Society of Neonatology (SIN, Societd
Ttaliana di Neonatologia) to set up a task force for neonatal hyperbilirubinaemia
that, based on national and international experiences, elaborated Recommen-
dations in order to standardize the diagnostic and therapeutic approach to
neonatal hyperbilirubinaemia in Italy.

The aim of SIN recommendations is to provide Italian neonatologists with a
practical means of dealing with the problem of neonatal jaundice in an effective
and safe way. For this purpose the guidelines of many international scientific
societies have been taken into account, e.g., those of American Academy of
Pediatrics [135] [132] 136], NICE for English society [137, [133], Canadian Pedi-
atric Association [I38], Netherlands Neonatal Research Network [I39], Norwe-
gian Pediatric Society [140], those of the Israeli [I41], New Zealand [142] and
Australian (Queensland) [143] societies, in addition to the Indian [144], the
Spanish [I3I] and the Swiss [145] guidelines, largely derived from others.

Experiences in the neonatal population of the Lazio Region have also been
taken into consideration as an expression of a representative sample of the
Italian population, both for the elaboration and the prospective application of
hourly nomograms relating to both transcutaneous and serum determination
of bilirubin [T46], (147, T48]. Most of these guidelines have been developed for
infants with a GA < 35 weeks and only a few have also indications for infants
of a lower GA.

In section the design and implementation of a web-based decision sup-
port tool is described, which automates SIN guidelines and incorporates some
valuable advices from NICU neonatologists who have been consulted during
the development of the system.

4.1.2 SIN Guidelines

Recommendation 1: Aim of the guidelines
SIN recommendations foresee to avoid the overcoming of a bilirubinaemia equal
to 20 mg/dL in the first 96 hours of life and 25 mg/dL after 96 hours of life
(the maturation of the blood-brain barrier progresses with PA) in term infants
(LoE 2b)ﬂ Then, SIN guidelines require that the limit is less than 12 mg/dL
for preterm infants with a GA < 30 weeks and 15 mg/dL for infants with EG
31-36 weeks (LoE 1b). On this basis, bilirubinaemia values have been defined
according to the time of life and GA exceeded, which are indicated to start
treatment with PT or perform BET.

Recommendation 2: Methods for controlling hyperbilirubinaemia
SIN recommends that every jaundice infant should receive a measurement of

ILevels of evidence (LoE) are indicated according to the classification shown in table
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Table 4.1: Evidence hierarchy from the centre for evidence-based-medicine.

Level Definition

la Systematic review (with homogeneity) of RCTs

1b Individual RCT (with narrow confidence interval)

2a Systematic review (with homogeneity) of cohort studies

2b Individual cohort study

3a Systematic review (with homogeneity) of case—control studies
3b Individual case—control study

4 Case-series (and poor quality cohort and case—control studies)
5 Expert opinion without explicit critical appraisal, or based on

physiology, bench research or “first principles”

bilirubinaemia. Transcutaneous determination (TcB) can be used as a first
approach to minimise blood samples, but TSB is always necessary for high
bilirubinaemia values. In any case, therapeutic decisions should only be made
on the basis of TSB value (LoE 1b).

Recommendation 3: Forecasting of severe hyperbilirubinaemia
SIN recommends the following procedure for newborn babies with GA > 35
weeks [131], 145, [T46]:

- All infants with jaundice must undergo TcB measurement.

- If TcB value is higher than the 75° centile given in the nomogram of
figure TSB must be measured.

- TSB value must be evaluated on the nomogram of figure [f.2] and the
follow-up must be programmed as follows:

- Values of TSB < 50° centile in the first 48 hours or < 75° centile
after 48 hours of life are not at risk of clinically relevant hyperbiliru-
binemia (need for PT) and therefore do not require further control.

- TSB values > 50° centile in the first 48 hours or > 75° centile after
48 hours of life are at risk of clinically relevant hyperbilirubinemia
(need for PT) and require control at 24 or 48 hours respectively
after measurement depending on the age of the newborn baby and
the possible presence of risk factors (LoE 1b).

For infants with a GA < of 35 weeks there are no predictive nomograms of the
risk of developing relevant hyperbilirubinaemia. Therefore, it is recommended
that controls should take into account infants GA with reference to the TSB
values for which PT treatment is expected to begin (LoE 5).

Recommendation 4: Treatment - Phototherapy
SIN recommends the use of nomograms in which TSB values, indicative of the
need to start PT, are expressed in relation to the GA, defining the values for
homogeneous groups of GAs: <30, 30-31, 32-34, 35-37 and >37 weeks, as it is
possible to see in figure

92



4.1 Bilirubin Tool

Hour specific nomogram for TcB
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Figure 4.1: TecB hour-specific percentile nomogram.

Hour specific nomogram for TSB
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Figure 4.2: T'SB hour-specific percentile nomogram.

Conventional PT equipment using wide spectrum (white light) or high
intensity blue light (conventional or LED light) can be used (LoE 1a).
Fiber optic PT can be used by remembering that it is less effective (LoE
la).

If there is no response, conventional lamps can be combined with fibre
optics to achieve a more effective treatment (LoE la).

TSB control must be scheduled at 4-8 hours from the start (even less if
TSB is < 3 mg/dL from the threshold value to perform BET) and then
every 12-24 hours.

Phototherapy can be stopped after obtaining two values of TSB in re-
duction, compared to the values at the beginning of treatment, after 6-12
hours (LoE 2a).

Post-suspension control should be scheduled within 12-24 hours to detect
any rebound(LoE 2a).
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During PT, breastfeeding and/or the feeding of milk should never be
suspended. Phototherapy may be temporarily discontinued (maximum
30 minutes) to allow breastfeeding and visual contact with the mother
and/or operator (LoE 2b).

Liquid supplementation should only be reserved for cases where weight
loss is greater than 5% per day and breastfeeding is not well established
(LoE 1b).

In newborns with haemolytic diseases, PT treatment should be started
as soon as the diagnosis is made (LoE 2a).

Phototherapy threshold graph for different GA

TSB (mg/dL)

[ 12 24 36 48 60 72 84 96 120 144
Hour of life
“GA<30sett =@=GA 30-31sett GA 32-34 sett  =@=GA 35-37 sett  “0=GA > 37 sett

Figure 4.3: Nomogram for PT. Total bilirubin is plotted against PA in hours. The

groups of GA are represented with lines of different colours.

Recommendation 5: Treatment - Blood Exchange Transfusion

SIN recommends indicative values for treatment with BET depending on GA

and on PA, defining the values for homogeneous groups of GAs (<30, 30-31,
32-34, 35-37 and >37). For each GA group, the reference TSB level for BET
is 5-6 mg/dL higher than the indicative TSB level for PT treatment
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BET should be performed in NICUs.

It is preferable to use commercial kits.

The newborn baby should be monitored for FC, FR, SpO2, body tem-
perature during and within 12-24 hours after the procedure.

Particular attention must be paid to metabolic control (hypoglycaemia,
hypocalcaemia) and to any post BET haemolytic crises (control of haemoglobin-
uria and hematocrit).

TSB must be checked first and at the end of the procedure and then every
4-6 hours until stabilisation.

After the procedure, intensive PT treatment should be continued.

A short-term follow-up for late anaemia should be foreseen.

The feeding must be suspended during and within 6 hours after surgery
and may be resumed if there are no complications (always preferable
breast or breast milk feeding).
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Exchange transfusion threshold graph for different GA
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Figure 4.4: Nomogram for BET. Total bilirubin is plotted against PA in hours. The
groups of GA are represented with lines of different colours.

In newborns with haemolytic disease BET can be programmed for more con-
servative levels of bilirubinaemia for Rh isoimmunisation and more conservative
levels for ABO, because bilirubinaemia in this pathology rises very rapidly in
the first 24-36 hours of life, but then assumes a similar course to the physio-
logical one 4.5l The risk of significant post-exchange transfusion “rebound” in
infants with ABO should also be considered (LoE 5).

Exchange transfusion threshold graph for haemolytic disease
25
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Figure 4.5: Nomogram for BET in case of haemolytic disease. Total bilirubin is plotted
against PA in hours.

4.1.3 Scenario

The clinical practice of measuring bilirubin for the diagnosis and treatment of
neonatal jaundice is carried out in three different wards at “G. Salesi” Hospital:
the NICU, where, as already mentioned, infants of any degree of prematurity
and severity are treated, the Neonatal Pathology, where mid-risk infants are
hospitalized and the Pediatric Nursery, where care is provided for healthy or
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low-risk term infants. The treatment of PT, however, is carried out only in the
NICU, the only hospital ward equipped with PT lamps.

Usually if jaundice is not visible and if there are no particular risk factors,
such as haemolytic disease, in term infants, the first TcB is carried out within
48 hours, while in preterms infants control is carried out within 24 hours. If the
value of TcB is less than 12mg/dL, they proceed with the regular checks, up
to the discharge, if it is more than 12mg/dL, they make the TSB and compare
it with the curves of the centils and with those relating to PT and BET in the
most serious cases, corresponding to the GA of the newborn baby.

If the newborn infant has anemia, the first measurement is taken immediately
and depending on the values of the measurement, on the type of anaemia, on
GA and on PA, checks are carried out every 4,6 or 12 hours. For comparisons
with the corresponding curves, in this case, the curve related to the previous
GA group is taken into account, to have a more cautious attitude. Even if the
newborn baby has other risk factors, less severe, controls can be programmed
more frequently, but in this case the comparison is made on the basis of SIN
guidelines.

In particular, measured TcB and TSB values are written down by nurses
on a spreadsheet and only later transcribed on the PC. Nurses proceed to the
comparison of the measured TcB/TSB value with standard values established
by SIN guidelines: the TcB/TSB value is visually compared with the correct
curve selected depending on percentile or on GA and on measurement time
compared to birth hour. From this purely visual comparison and, therefore
very subjective, they decide if the value of TcB/TSB is in the physiological
range or not. If it is, they continue with measurements taken at regular in-
tervals, depending on GA and on the presence of risk factors, until discharge.
Otherwise, if it is not, in case of TCB measurement, they proceed with the
measurement of TSB, and in case of a TSB measurement beyond the limit,
nurses must promptly inform physicians who will order to perform therapies
such as PT or BET in more serious cases.

Since it is transcribed on PC only later, the TcB value has to be compared
with the correspondent curve of the guidelines only visually through a paper
chart. For this reason, this comparison is very subjective and prone to error.

The aim was therefore to standardise, first of all, the treatment protocols
of the three departments, which showed disparities, and then to create a valid
model for all the birthplaces of Marche region.

Another objective was to automatically collect data from all the instru-
ments used for the measurement of serum and transcutaneous bilirubin that
are located in the three hospital wards, namely 2 sieric bilirubinometers and
3 transcutaneous ones, in a single DB. Through the interconnection of the in-
struments, described in chapter [3] in fact, the values of the measurement are

96



4.1 Bilirubin Tool

shown in the tool interface in an automatic and instantaneous way and are then
processed by the algorithm to extract useful information on jaundice diagnosis.

Thus, the automatic transmission of the measured values will eliminate draw-
backs due to manual transcription and it will give the possibility of making
comparisons with the standard curves of the guidelines in a direct, automatic
and objective way and without the possibility of making mistakes.

Moreover, in the nursery measurements are not even transcribed from paper
to EMR with the problem that if the newborn gets sick or gets worse and has
to be moved to the NICU, they have to be recovered and transcribed on the PC
in order to have the historical patient’s bilirubin values. Furthermore, when
infants are sent from the nest to PT at the NICU, on their return, nurses of the
Pediatric Nursery do not have access to bilirubin values related to the period of
PT. The use of a single database, which also includes the personal data of the
patient, through the integration with EMR data, has also solved this problem.

4.1.4 Data Analysis: Bilirubin Decision-Making Algorithm

The “Bilirubin Tool” and, in particular, the algorithm have been designed and
developed after several interviews with 2 neonatologists and a nurse acting as
domain experts. With them the structure of the problem was modelled as a
workflow diagram identifying decisions to be made, the sequence in which
they would arise, and the information available at each decision-making time,
as well as all the uncertain events. It is implemented in JavaScript for client
side and in PHP for server side.

The developed decision-making algorithm consists in an automated DSS for
guideline based care to facilitate the implementation of clinical practice guide-
lines for neonatal jaundice. It is an evidence based CDSS which, generally,
automates SIN guidelines, but also adds physicians’ expertise at some critical
points.

Decision nodes involve the temporal axis of the model: first, to establish
measurements reminders and, then, to decide the treatment (PT, exchange
transfusion, or simply observation) depending on some risk factors and on the
results of any measurement tests carried out. Decisions about treatments are
repeated as many times as necessary until the problem is over, i.e., the infant
is discharged unless he has other health problems.

Clinical inputs of the system, apart from SIN guidelines rules and recom-
mendations that form the knowledge base, are GA and PA, coming from “Ana-
graphic Tool”, birth weight and the current one, coming from “Growth Tool”,
bilirubin measurements coming from bilirubinometers and transcutaneous ones
(combined in the same DB table), bilirubin levels curves recommended from
SIN guidelines and some risk factors.
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The risk factors that the algorithm takes into account, on the advice of ex-
perienced physicians, are in addition to those covered by the guidelines and
considered primary factors, i.e. the presence of Rh isoimmunisation and ABO
haemolytic disease, assessed by the Coombs test results, manually inserted by
nurses or physicians, some secondary factors, i.e. familiarity with PT, breast-
feeding, always manually entered as a response to an initial questionnaire, and
a weight loss > 10%, automatically calculated by the algorithm as the difference
between infant’s birth weight and current weight.

SIN guidelines do not specify how risk factors are to be taken into consid-
eration except in the curves of critical bilirubin values for BET . On the
contrary, the algorithm, if one of the primary risk factors is present, takes for
the comparison of TcB and TSB measurements the values corresponding to
the group of GAs preceding the actual one of the infant and reduces the time
between checks; while if one of the secondary risk factors is present, it only
reduces the time between bilirubin value checks.

Immediately after the infant’s patient data registration on the “Anagraphic
Tool” and the mandatory compilation of risk factors, the algorithm starts a
countdown to program TcB measurement after 24 hours if there are no risk
factors or after 6 hours if there are risk factors (even secondary ones). In
any case, the physician may decide to reduce these time intervals between the
bilirubin measurement checks depending on the particular case, by modifying
a field in the interface of the tool and justifying its motivation in a note field.
The algorithm takes into account the new predetermined range.

The countdown results in a reminder for nurses to do the bilirubin measure-
ment and, when this is not done on time, in a warning (need for immediate
measurement).

As soon as the DB receives a new measure of bilirubin from the instrumen-
tations depending on the type (TcB or TSB) and time order, a series of actions
are triggered, which are translated into a series of if-else cycles controlled by
the various inputs described above.

If the infant has a GA > of 35 weeks, if TcB value is higher than the 75°
percentile given in the related SIN guidelines nomograms , depending on
infant’s PA, T'SB must be measured, that results in a TSB measurement warn-
ing, otherwise another TcB measurement is required after the predetermined
time interval, that results in a TcB measurement reminder.

If the infant has a GA < of 35 weeks, the same nomogram is followed, but
independently from PA if it exceeds 11 mg/dL, the TSB is required. This is
because in the guidelines the critical value is 12 mg/dL, but according to physi-
cians’ experience in this range of values the transcutaneous bilirubinometer has
a great variability, so as a precaution they have decided to set the limit at 11
mg/dL.
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Then, if TSB value, in the first 48 hours, is < 50° centile or, after 48 hours
of life, is < 75° centile given in the related SIN guidelines nomogram ,
depending on infant’s GA and PA, further controls are not required other than
the final TSB measurement before discharge, while if TSB value is > 50° centile
in the first 48 hours or > 75° centile after 48 hours, the TSB value has to be
compared with the SIN guidelines nomograms related to PT , depending
on infant’s GA and PA.

If TSB value is lower than that of the monogram for PT related to the
infant’s GA and PA, then a TSB check must be carried out again after the
predetermined time interval, that results in a TSB measurement reminder;
otherwise, if it is higher, but lower than that of the monogram for BET (4.4]),
related to the infant’s GA and PA, the PT should start as soon as possible
ad it results in a PT acceptance request sent by email to physician in charge
because only physicians can give the consent to begin the therapy.

After the physician has accepted, also by sending an unlock code via email,
PT is started. Then, TSB control must be scheduled at 4 hours from the start
(even less if TSB is < 3 mg/dL from the threshold value to perform BET) and
then every 12-24 hours depending on whether secondary risk factors are present
or not. If the PT has been started for more than 72 hours and the value is not
yet below the threshold, the exposure or power of the lamps must be increased.
Treatment can be stopped after obtaining two values of TSB in reduction,
compared to the values at the beginning of treatment. Post-suspension control
should be scheduled within 12-24 hours to detect any rebound.

If TSB value is higher than that of the monogram for BET related to the
infant’s GA and PA, SIN guidelines are followed: before the start of the pro-
cedure PT is immediately initiated after physician’s consent; TSB must be
checked first and at the end of the procedure and then every 4 hours until
stabilisation; after the procedure intensive PT treatment should be continued
until stabilisation.
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4.2 Activities Monitoring Tools

In this section a novel non-contact and non-invasive RGB-D imaging method
to estimate infants’ respiratory rate and movements is presented. In section [4.7]
the physical architecture is described, then in section and respec-
tively, the methods and algorithms used to analyse data extracted from depth
images acquired from the RGB-D camera are described.

4.2.1 The physical architecture

RGB-D sensor

N Embedded
A System

Figure 4.7: Representation of the configuration scheme of the system.

Figure [£.7] shows the configuration scheme of the system. It consists of two
main components:

1. Single Board Computer: is a complete computer built on a single circuit
board, with microprocessor(s), memory, input/output (I/O) and other
features required for a functional computer. Single-board computers were
made as demonstration or development systems, for the use as embedded
computer controllers [149)].

2. RGB-D sensor: is composed by an infrared sensor, an RGB sensor and
some microphones. It is able to provide in output a RGB representation
of the scene and it also allows to reconstruct a depth map of the same.
In the depth map the value of each pixel codifies the distance of each

element in a 3D scene.

The architecture design is based on the choice of hardware and software compo-
nents. In order to satisfy both functional and non-functional requirements, an
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embedded board, such as a CubieBoard?El7 has been used, since it is sufficiently
small and suited to manage all algorithms. Asus Xtion Pro live has been cho-
sen as depth sensor because it has a low cost, it has smaller dimensions than
Microsoft Kinect, and the power supply is provided only by the USB port: it
does not need an external power. Moreover, it is easy to install over the crib.
The Cubieboard?2 is a SoC based on ARM Cortex-A7 Dual-Core processor run-
ning on 1 GHz, and on ARM Mali 400MP2GPU, containing 1 GB of DDR3
memory and 4 GB of internal NAND flash. On that, a version of Debian OS
(CubianX) is installed because compatible with the hardware and easy to setup
the drivers of depth sensor (OpenNI2), the vision libraries (OpenCV), and the
Qt Framework (Qt5).

4.2.2 Respiration Tool

The respiratory rate is defined as the number of breaths taken by an individual
over a minute. Every single respiratory cycle is composed of an inspiratory
phase, during which the chest wall expands itself, and an expiratory phase,
during which the chest wall goes back to the previous state.

The respiratory rate of an adult at rest is 12 — 20 breaths per minute [T50].
In the newborn and throughout the first year of age, the respiratory rate is
about 40 breaths per minute. In preterm infants it is higher, about 40 — 50 per
minute, and irregular.

As said before, preterm birth affects the anatomical and functional develop-
ment of all organs, inversely with GA and the degree of immaturity is primarily
in the respiratory tract.

The rhythm of the breath is usually irregular for the immaturity of the
respiratory centers. Periodic breathing (Cheyne-Stokes rhythm) is frequently
encountered, characterized by recurrent periods of apnoea (about 5-10 s) within
periods with close breaths.

Respiratory Distress Syndrome (RDS) is one of the most frequent lung dis-
eases in premature births. It is a surfactant deficiency disease, which designates
lung immaturity from a biochemical and structural point of view. Normally,
RDS can occur from 3 to 6 hours after birth and in the most serious cases at
birth, while in the lighter forms it appears after 12-18 hours.

The following terminology is used in a standardised manner to describe the
severity of respiratory distress:

- absent: haemoglobin saturation exceeds 85% and respiratory rate is below
60 cycles/minute;

- moderate: haemoglobin saturation is below 85% and the respiratory rate
is above 60 cycles/minute;

%http://cubieboard.org/model/cb2/
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- severe: the patient is in apnoea, gasping (agonal respiration, not effective,
with very low frequency) or intubated.

Thus, a respiratory rate greater than 60 breaths per minute creates alert.
Even if the infant has an apnoea, i.e., breathing stops for more than 10 seconds,
it means that there is a respiratory problem.

For all these reasons it is necessary to continuously monitor the respiratory
rate in preterm infants.

For disease assessment hemogasanalytic parameters, such as Ph, PaCO2 and
Pa02, are also used. Furthermore, it is very useful to quantify the severity of
signs and symptoms of RDS using the respiratory score according to Silverman,
where each of the parameters taken into consideration is given a maximum score
of 2; a total score of 10 identifies an infant with an important respiratory failure.

One of these parameters is the thoraco-abdominal balance, a typical oscilla-
tion between thorax and abdomen given by the lack of coordination between
diaphragm and intercostal muscles in conditions of intense fatigue. In the
absence of RDS pathology, the upper chest portion and abdomen expand si-
multaneously. On the contrary, when the disease is present, a wavy movement
is visible, so the chest falls back while the abdomen expands.

RDS is treated with artificial ventilation and exogenous surfactant, natural
(cattle or pig) or synthetic.

4.2.2.1 Related Works

The two most widely used methods for evaluating the respiratory activity in
adults are spirometer and pneumotacography.

Other invasive devices are impedance pneumography [I51], thoracic impedance
[152], respiratory inductance pletysmography [153], photopletysmography [154],
strain gauges [I55], thermistor [I56], magnetometers [I57] and acoustic moni-
toring [158].

However the measurement of the respiratory rate in all these techniques needs
the direct contact with the monitored people and it may cause interference in
their normal activity breath.

For this reason, in the last years some non-contact respiratory measurement
methods were investigated, such as Doppler radar [I59], microwave sensors [160}
161], infrared temperature sensors [162], thermal imaging [163], structured light
pletysmography [164] and optoelectronic pletysmography [165], [166].

Most recently, the RGB-D camera is used to detect the respiratory rate[I167,
168|169, [I70] but in literature, there is a little number of works describing this
technique, which, however, is used only for adults.

Generally, the respiratory activity of hospitalized infants is monitored us-
ing the thoracic impedance technique. In literature, it is possible to find that
some of the methods previously cited are adapted and tested also on newborns
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and preterm infants, such as respiratory inductance pletysmography [I71],
impedance plethysmography [I72], structured light plethysmography [I73] and
optoelectronic plethysmography [166].

In the neonatal intensive care unit (NICU) of the Women’s and Children’s
Hospital “G. Salesi” in Ancona, where these babies are taken into care, the
respiratory activity of preterm infants is continuously monitored using a patient
monitor, used as benchmark, obtaining the respiratory rate through the ECG
electrodes by impedance pneumography.

In this section, a novel contribution for monitoring the respiratory rate of
preterm infants is described, developing a low cost embedded video system
that measures preterm infant respiratory rate without any physical contact.
Respiratory rate is derived by calculating morphological chest wall motions
using a depth camera positioned above the infant lying on the infant warmer.
The advantage of the proposed method is that it is contact-less, non-invasive
and suitable to be used in an indoor environment with poor lighting, as might
be rooms in the neonatal intensive care unit.

4.2.2.2 Data Analysis: Respiratory Rate Algorithm

In this section, main steps of the algorithm that analyses the respiratory rate
of preterm infants are described.

The subjects under examination are 3 preterm infants (males) recovered in
the NICU. Their GA ranged from 32 and 34 weeks, with a mean age of 3313
weeks of age and the weight is between 1400 g and 1800 g, as shown in table 1.2}
In order to evaluate the performances of the proposed algorithm, five tests,
lasting 30 seconds each one, for each subject were performed.

Table 4.2: Infants’ characteristics (Gestational Age and Weight).
ID Acquisition Gestational Age (weeksT9%%) Weight (g)

1 323 1420
2 33+3 1618
3 3412 1762
Mean 33T3 1600

The depth sensor has been placed perpendicularly above the infant lying on
the crib at a distance of 70 cm, normally directed to the subject skin. Other
tests have been performed putting it in a slightly inclined position, however
this different position does not affect the measurement. For the analysis of the
respiratory rate, the measurement points have been chosen in the thoraco-ab-
dominal area, considering where the possibility to detect the movements due
to inspiration and expiration acts is greater and at the same time where it is
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possible to work on an available part of the skin surface of the infant, that is
wearing a diaper and has sensors attached to the body. The mechanical move-
ments of this area due to inspiration end expiration acts cause the variation of
the depth signal acquired.

The method for the analysis of respiratory rate is based on the depth sensor.
The idea is to analyse the time trend of different points in the thoraco-abdom-
inal surface area of the subject monitored, present in the depth frame. The
particular configuration of the system facilitates the monitoring of the respi-
ratory rate. A graphical interface has been created in C' + 4, which allows
viewing video streams (RGB and depth) from the sensor.

The algorithm includes a first step where the user can choose to analyse dif-
ferent strategic points. These, along with the depth values and the timestamps,
are exported to a .csv file. Then, for each frame, the average value of depth
of the chosen points is calculated . After this first analysis, a filter (fourth-or-
der Butterworth low-pass filter) is applied to raw data so collected to remove
the unwanted noise components due to the cardiac activity and to the motion
artefacts. Then a find-peak function is used to detect the respiratory signal
peaks and the time elapsed between two successive peaks is calculated, which
is the instantaneous respiration period (RR). Finally for each performed test,
the RR period obtained from the RGB-D sensor is compared with that derived
from the patient monitor, used as reference.

4.2.3 Movement Tool

Every year there are more than 15 million worldwide preterm births and the
number of cases continues to rise [6]. Preterm infants are babies born between
the 2277 and 36" week of gestation that often have health problems because of
preterm birth affects the anatomical and functional development of all organs,
inversely with GA.

One of the biggest problems concerns the functional integrity of the neonate’s
central nervous system (CNS). Preterm infants, in fact, are at higher risk of
developing adverse neurodevelopmental outcomes and correlated motor impair-
ments than infants born at term [I74]. Cerebral palsy (CP) is a permanent dis-
order in the development of movement and posture and is one of the major dis-
abilities that affects up to 18% of infants who are born extremely preterm [175].
The total rate of neurological impairments, developmental delays and other
motor coordination disorders due to less severe category of minor neurological
dysfunctions is up to 45% [L70].

For the moment, there are no standardized clinical guidelines to assess the
risk of later disabilities and predict motor impairment in high risk infants.
Neuroimaging results, such as MRI and clinical neurological examination, in-
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tegrated with infant’s clinical history, are used to identify infants at highest
risk through different clinical assessments and experience of healthcare profes-
sionals. These sophisticated brain imaging techniques can provide additional
information for conditions like CP [T77], but these approaches are not yet suited
for early diagnosis. CP diagnosis generally cannot be made definitively until a
child is at least 3-4 years-old [175].

However, in order to limit the consequences of CP or other minor neurologi-
cal dysfunctions, physiotherapy should start as soon as possible, meaning that
infants at risk have to be identified from the earliest possible age. Though the
major injury cannot be completely repaired, in fact, with an early identification
follow-ups after discharge can be planned in a more focused way in order to
provide specific interventions and information for parents about infant’s prog-
nosis.

In last years, it was found that the spontaneous motility of preterm in-
fants during their first weeks of life has an important clinical significance. The
study of the early motor repertoire in preterm infants is an important predictor
of nervous system dysfunctions and neuromotor impairments in high risk in-
fants [I78] and it can be considered as an essential step to optimise therapeutic
approaches [179].

Prechtl proposed a new method to study infant nervous system by evaluating
the quality of movement patterns in infants. In [I80], authors introduced the
term General Movements (GMs) to describe whole-body movements that have
varying speed, amplitude and sequence and in [I81] they developed a quali-
tative approach to assess infants’ motor integrity based on the observation of

spontaneous motor movements.

GMs can be observed in newborns and young infants until the 20" week

post term. In preterm infants (until the 4t"

week post term) GMs are called
Writhing Movements (WMs); they seem to be more proximal and have small
to moderate amplitude and slow to moderate speed. To the 6"-8" week post
term GMs are called Fidgety Movements (FMs); they appear more distal, cir-
cular, with a moderate speed, a smaller amplitude, a constant fluency and
are characterized by variable limbs acceleration in all directions. The transi-
tion from WMs to FMs indicates a changing maturational stage, whereas the
absence of FMs in infants at the 9t-20"" week post term is proved to be a
marker for later disability and CP [I82]. Also the presence of the cramped syn-
chronized general movements (CSGMSs), in which infant’s limbs are rigid and
move almost simultaneously during preterm and term age, have high predictive
value for CP development, if observed persistently during a certain number of
weeks [I83].

The quality of GMs is evaluated by trained observers meaning that GMs
assessment (GMA) is based on visual observation by physicians and, thereby,

66



4.2 Activities Monitoring Tools

that the outcome measures are not standardized and influenced by examiner’s
subjective interpretation. The GMA technique is time-consuming, depends on
examiner’s experience and shows a considerable intra and inter-observer vari-
ability [184]. For these reasons, an objective (observer-independent) method,
that automates the process of assessing the quality of infant GMs, would be
preferable. Computer-based analysis of GMs could be a useful tool to support
the physician in his medical decisions.

Nowadays, the advanced motion capture technologies have made possible the
quantitative analysis of movement and the classification of “normal” and “at
risk” movements based on objective criteria. However, the utility of these meth-
ods is often limited by the need for complex equipment and instrumentation for
advanced analyses and for highly experienced personnel who is required [I85].
Instead, an ideal system for analysing infants movements in a clinical envi-
ronment, as might be the Neonatal Intensive Care Unit (NICU) where this
solution is tested, has to provide the following characteristics: the system has
to be cheap, easy to install, non-invasive and user-friendly and has to provide

in outcome objective, accurate and reliable measures.

In this section, a novel contribution for preterm infant’s movements analysis
is described, by providing a low-cost video-based system that achieves all pre-
vious requirements by using a depth sensor positioned above the infant lying
on the infant warmer. The advantage of the proposed method is that it is
contactless, non-invasive, easy to install and suitable to be used in an indoor
environment with poor lighting, as might be rooms in the NICU.

The aim is to provide a 3D motion analysis system that is able to extract
some important features from the sequence of depth images collected by RGB-D
sensor, which serve as quantitative and qualitative indicators of infant’s move-
ments. These indicators can be used to objectively and quantitatively study
infant’s movements during his development. In that way, it will be possible to
see the change of movements type during the time, the transition from WMs
to FMs, the absence of FMs or the presence of abnormalities in movement as
CSGMs, the improvements after physiotherapy. The work is mainly focused
on the statistical method reporting only preliminary test results conducted in
the experimental phase on a preterm infant hospitalized in the NICU of the
Women’s and Children’s Hospital “G. Salesi” in Ancona (Italy). The goal is
to extract a set of parameters from statistical analysis of depth data, collected
from the RGB-D sensor of the video-based system installed over the crib, which
support clinician in quantifying movements, e.g. with information about move-

ments percentage, velocity, acceleration and activity sequences.

The project opens also to future evolutions in the direction of infants’ clas-
sification in “healthy” and “at risk” classes.
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4.2.3.1 Related Works

The clinical importance of the early detection of neuromotor impairments in
high risk infants has led to an increasing interest in the use of automated
movement recognition technologies being applied in this field. Over last years,
several researchers tried to overcome GMA subjectivity by attempting to au-
tomatically analyse GMs. Different methods of data acquisition (e.g. optical
or magnetic tracking, acceleration measurements, image processing) have been
studied. However, these approaches are often based on complex equipment
and used methods are not always suitable for a clinical environment. In [I86]
automated movement recognition for clinical movement assessment in high risk
infants are divided in two main categories: video-based assessment and assess-
ment through direct movement sensing.

Video-based movement assessment systems can be divided into three-dimen-
sional (3D) motion capture systems, based on special markers that should be
attached to the limbs being tracked, and systems that use traditional colour
(RGB) sensors.

A first 3D motion capture approach was performed by Meinecke et al. in [185].
Based on a 3D motion analysis system, the aim of this study is to develop a
methodology in the direction of an objective and quantitative description of
GMs of infants within the first month of life. The measurement procedure al-
lows the spatial detection and quantification of full body movements for long-
term control with very high 3D tracking accuracy and resolution (both spatial
and temporal), but at a considerable price and setup effort.

With a similar setup, in [I87, [I88] Kanemaru and colleagues analysed in-
fants’” GMs in order to investigate the relationship between the jerkiness in
spontaneous movements at term age and the development of CP at 3 years of
age.

However, 3D motion analysis of the whole body is a demanding task, es-
pecially in the case of very small infants. Infant’s movements must not be
impeded by cumbersome measurement setups, because the aim is to provide
the basis for the application of quantitative methods in clinical routine.

Systems that use standard video cameras, e.g. webcams and RGB sensors,
are also used for markerless infants’ motion capture. These systems are a more
affordable alternative to 3D motion capture systems and require a less set up
effort, allowing their applications in research and clinical settings. However,
these approaches have lower spatial and temporal resolution and less accurate
tracking than 3D motion systems, which limit the level of analysis detail .

Adde and co-workers used a video-based analysis system for quantitative
and qualitative assessments of infants’ GMs [I89]. They developed the General
Movement Toolbox (GMT) by modifying some modules of the Musical Gesture
Toolbox (MGT), a software collection for performing video analysis of music-
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related movements in musicians and dancers [190]. By using the so called
“motiongrams” for quantifying changes in the infant’s movements, the GMT
is able to detect FMs as described in the GMA.

More recent studies have successfully applied accelerometers to preterm in-
fants to measure spontaneous movements [191) 192]. In [I93] authors tested
the use of wireless accelerometers in an NICU and compared accelerometers
data to the GMA in order to investigate whether accelerometery, combined
with machine learning techniques, could accurately identify CSGMs. As in
the case of traditional cameras, the use of accelerometers provides low spatial
resolution, occasional data losses and relative movement capture only.

In [194] authors used another approach in the movement sensing assessment
class by tracking body segments of upper and lower limbs during GMs with
a magnetic tracking system compared with traditional GMA through video
analyses. Despite the increasing popularity of depth sensors, these have not
yet been used extensively for movement analysis in infants. This contrasts
with other clinical applications, e.g. gait analysis [195], rehabilitation monitor-
ing [196], postural control assessment [197], or monitoring of musculoskeletal
disorders [198]. Although its great potential in human action recognition [I99]
and in general movement analysis, depth sensors use is not largely explored
with regards to preterm infants’ GMA. This may have happened because the
provided body tracking functionality of Kinect sensor does not work reliably
for humans smaller than one meter, which makes it unsuitable for tracking
infants.

In [200] authors started to develop a 3D motion analysis system based on
the use of Kinect sensor by providing the development of a markerless body
pose estimator in single depth images for infants as the first step towards this
goal. The advantages of this kind of solution is that the use of depth sensors
provides high spatial resolution with a marker-less, non-invasive, low-cost and
privacy preserving motion capture unlike 3D motion capture studied until now.
For these reasons, the attention is focused on this approach by continuing the
work started in [201].

4.2.3.2 Data Analysis

This section describes proposed Computer Vision (CV) algorithms used for
infants’ movements detection (paragraph and extremities tracking
(paragraph and some algorithms used for the analysis of these move-
ments with the aim of processing data and transform them in important indi-
cators useful for physicians in clinical decision-making (paragraph .

The pattern observed for the analysis of movements is shown in figure
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Figure 4.8: Followed pattern for preterm infants’ movements analysis.

4.2.3.2.1 Acquisition and Movements Detection Algorithm

As said, the system hardware architecture consists of an RGB-D sensor placed
perpendicularly above the infant, lying in a supine position on the crib, at
a distance of 70 cm, normally directed to the subject. The entire sensor is
composed by an RGB sensor and an infrared sensor, that provides a depth
map.

An acquisition framework, based on vision techniques, has been developed,
which can detect infant’s movements in real time. The main tasks of this
framework are:

e frame acquisition;

noise filtering;
e infant’s segmentation;

e motion analysis.

An algorithm is proposed which can detect infant’s movements in real time
and it is based on vision techniques. Initially, the user selects a region of
interest in the GUI where it is possible to visualize the infant. This procedure
is used to filter the noise produced by the edges of the crib, creating zero
pixels in the depth image. After this stage, the process of acquiring depth
stream begins. The frames are stored in a vector so it is possible a subtraction
operation between the first and the last frame. The size of the vector has
been experimentally defined. Subsequently, an image filtering is performed:
all points that, at the time of the acquisition have zero value (pixel where
depth is not deifned) are filtered. After filtering, the image is segmented using
a threshold value, so as to further discriminate positive signals that indicate
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moving of limbs, by false positives due to background noise. At this point,
the segmented image contains some blobs (movement blobs) that represent
an area of pixels where the variations of the depth values between subsequent
frames due to infant’s movements of the baby exceed a certain threshold. These
regions are identified and filtered depending on the area. The centres of mass
are extracted from the blobs and are tracked for the duration of the movement.
The detail of the algorithm is shown in Algorithm

input : Depth image d(z,y)
input : Number of frame delay Ny,,,,.
output: Vector of points points

while sensor.isOpen() do
if dj;se.size() > Ny,,,,, then

ddiff — dlist.last() — dlist.first();
dyist-pop-back();

dfil — filtering(ddiff);

dseq < segmentation(ds);
contours < find_contours(dseg);
points < moments(contours);
tracking(points);
else

‘ skip;
end
dlist~pu<9hffr0nt(d(x7 y))a
end

Algorithm 1: Movements Analysis algorithm.

4.2.3.2.2 Data processing

Later, this framework has been customised in order to permit extraction and
exportation of depth values and timestamps related to movement blobs [202].

After a preliminary analysis, the coordinates of the various instances of the
movement blobs (z,y) are plotted and it is easy to observe (from figure
that points are distributed in 4 well separated clusters; therefore, K-means
algorithm can be used as a clustering method, setting k£ equal to 4, i.e. the
number of the limbs being tracked.

K-means clustering [203] is a commonly used method to automatically par-
tition a dataset into k groups. It proceeds by selecting k initial cluster centres
and then iteratively refining them as follows:

1. Each instance d; is assigned to its closest cluster centre.

2. Each cluster centre C; is updated to be the mean of its constituent in-

stances.
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The algorithm converges when there is no further change in assignment of
instances to clusters.

K-means clustering provides in output a ground truth vector that associates
to each blob instance (i.e. to each blob timestamp) the cluster value assigned
to the corresponding limb:

o right leg (RL);

o left leg (LL);

e right arm (RA);

o left arm (LA);
as shown in figure [£.9]

(a) Depth frame.

right arm left arm
200 -

150 -

100 -

50
right leg
(RL)

0 50 100 150 200 250 300

(b) Clustering result.

Figure 4.9: In ﬁgure a depth frame from RGB-D sensor is shown. Figure is
the result of clustering process; it highlights 4 clusters that correspond to

the 4 infant’s limbs.

Considering that each timestamp instance can be associated to multiple clus-
ters because limbs can move simultaneously, this ground truth vector is used
as the input of an algorithm that generates the states vector.

Each limb can assume two different states, “in movement” or “not in move-
ment”, and, therefore, considering 4 limbs, the number of possible combinations

72



4.2 Activities Monitoring Tools

is equal to 2% = 16.
At the end of the algorithm in output there are the states vector that asso-
ciates to each timestamp of the recorded video session a state giving information

about which limbs are “in movement” in that moment (timestamp).

KPIs Extraction
Using these preprocessed data and movement blobs position data, the following
10 Key Performance Indicators (KPIs) are derived, each of which describes
different characteristics of the infant’s spontaneous movements, of great interest
for physicians and already used in other studies [187], [188].

>t
Ml = (4.1)
tiot

where t! are the time instants during which the ! limb (RL, LL, RA, LA) is
moving. M(%) is the percentage of the movement of each limb.

PIPILZ
I 4
Mg = - (4.2)
tot

is the general movement percentage of all the limbs over the time of a recording

2t
Mg = - (4.3)
° Lot

session tiof.

where t7 are the time instants during which the s state (from 1 to 16) is active.
Mg, is the percentage of movement of each state over the time of a recording
session tgo¢.

>t

Mg = — a€{L, R} € (4.4)
° teot

is the percentage of the movements of each body part, where « indicates,
respectively, the right side (R) and the left side (L) of infant’s body.

>t
T

l

7 - (4.5)

where n! indicates the number of movement blobs belonging to the same [ limb,
which corresponds to the number of times [ limb moves. 7 is the average time
of movement of each limb expressed in seconds.
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where n® indicates the number of movement blobs belonging to the same s
state, which corresponds to the number of times states are active. ° is the
average time of movement of each state expressed in seconds.

>t
= ;a ac{L,R},lca (4.7)

where n® indicates the number of movement blobs belonging to a body side,
which corresponds to the number of times o body side moves. £ is the average
time of movement of each body side expressed in seconds.

dpt
> Gt
1

—
v
n!

(4.8)

is the average velocity of the movements of each limb calculated on the basis of

the position data for the movement blobs of each limb and expressed in cm/s.

1
%, where p is the 3D Euclidean
distance. Then, the instantaneous velocities is averaged over the number of

3D tangential velocities is calculated as

movement blobs belonging to the same limb, which is referred to as average
velocity of each limb.

1
Z dUli
—~ dt]

nt

a (4.9)
is the average acceleration of the movements of each limb always calculated on
the basis of the position data for the movement blobs of each limb and expressed
in em/s?. The instantaneous accelerations, obtained by deriving instantaneous
velocities, is averaged over the number of movement blobs belonging to the
same limb, which is referred to as average acceleration of each limb.

Vi=_—-mr (4.10)

is the estimated 95% spheric volume of each limb expressed in m?, which cor-
responds to volume of the 95% bivariate confidence sphere, which is expected
to enclose approximately 95% of the 3D points inside each cluster.

In order to analyse the results of the experiment, a dataset has been built
and it is described in subsection f.4.1.1] By using this dataset 10 KPIs are
calculated for each recording session, shown in table that are discussed in

subsection F.4.1.2

Markov Chain Model
States vector elements value can range from 1 to 16 as shown in figure
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Figure 4.10: Different movements states in which infant can be in. Red rounds indi-
cate the “in movement” limbs.

Since there is a temporal sequence of 16 possible combinations (states) in which
the infant can be in, infant’s movements sequence can be modelled as a series
of transitions states by using Markov Chain (MC).

MC is a natural formalism for modelling users’ behaviours and it is widely
used in many applications. The experimental results are modelled with a MC,
in particular using a transition matrix, in which the probabilities that infant
changes his state are recorded. For example, the transition from state 1 to
state 2 records the percentage of occurrences that infant has passed from state
1 to state 2. The MC model is formalised for measuring the movements change
in a preterm infant’s GMA between the rounds of the experiment under con-
sideration.

A MC is defined as M = (5, P) and consists of states, 4, in a finite set S of

size n, and an n — by — n transition matrix:
P ={pili,j € S}

The transition matrix P is row stochastic, i.e. for all states, 17, Zj pi; = 1, and
P is assumed to be irreducible and aperiodic, i.e. it exists m such that P™ > 0.

4.2.3.2.3 Extremities Tracking Algorithm

While previous data processing techniques are aimed at determining limb move-
ment indicators, the following application has been developed to focus on limb
extremities (hands and feet) and head tracking.

To get the infants’ extremities (hands, feet and head) the longest path ap-
proach is used. This approach expects to calculate the maximum distance from
the centre of mass of the infant on a portion of the image relative to a limb or
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the head. For example, the portion of image that has the edge of the centre of
mass and depicts a leg can be used to obtain the position of the tip of the foot
[204].

The implementation of this technique expects to transform a portion of a
2D image in a graph structure where a vertex is associated to every pixel. A
progressive identification number is assigned to every node by an appropriate
enumeration function that transforms the X — Y pixel coordinates in a pro-
gressive number. Figure [{.1Ta]shows an example of the labelling of pixel inside
the area of the application of the algorithm.
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(b) Transformation in a

(a) Labelling of graph modes according to
graph structure.

their position in the area of interest.

Figure 4.11: Longest path approach steps.

Once created all nodes of the graph, the realization of edges begins, taking in
exam a node at a time and scanning by column and then by row. Every node is
connected with the edge that ends in a representative node of the adjacent pixel
from the examined pixel. A weight is associated to each arch, which represents
the distance in millimetres between the points in the 3D space represented by
pixels. This value is calculated for every arch, after getting the X, Y and Z
values of nodes through the calculation of the Euclidean distance.

To minimize the computational complexity of the creation of the graph, the
image given in input to the algorithm is the segmented image. Then, a graph
is created, which concerns only the pixels that depict the infant. Figure 4.11b)
represents a scheme of the transformation of the image in a graph.

Once obtained the graph Dijkstras algorithm is used to identify the node
at maximum distance. This algorithm calculates the cost of the shortest path
that starts from an initial point to the other nodes.

The initial point is wisely chosen, and, in the case of the legs, a position on
the diaper is chosen, obtained shifting to the right the position calculated from
the centre of mass. The result of the execution of the algorithm is a vector,
indexed by the identifier of the node, containing the minimal cost to reach every
node. Scrolling the vector, the node which has the maximum cost is found, i.e.
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the one that is located at the maximum distance from the initial node.

To get the path is sufficient to back through the path from the final node
until the beginning memorising the identifications of the nodes which are along
the path. Applying the function of inverse enumeration, it is possible to get
the pixel coordinates that belong to the shortest path of the longer node.

The algorithm is recursively repeated for every portion of the image (feet,
hands and head) and for every frame. Finally, the path and the node with
maximum distance are drawn over each frame (see section .

To summarise, infants’ extremities detection algorithm follows these steps:

1. For each pixel inside the area of interest, performing of:

a. Labelling of the pixel through the enumeration function;
b. Creation of a vertex in the indexed graph with the label of the pixel;

2. Scanning from left to right and from top to bottom, for each pixel per-
forming of:

a. Computing of the Euclidean distance between the pixel and its
neighbour;

b. Creation of an arch between the nodes by a weight equals to the
computed distance;

3. Dijkstras algorithm application;
4. Scrolling of distances vector to find the node with the maximum distance;

5. Memorisation of crossed nodes identifier along the path by going back
through the path until the initial node;

6. Conversion of nodes identifier in absolute coordinates by applying inverse
labelling function;

7. Drawing on screen of paths and final points.

4.2.4 Infant Semantic Segmentation

Limitations of the proposed system are due to occlusions caused by external
interventions that occur when nurses or physicians put their hands between the
depth sensor and the infant to perform their activities.

Another problem may be caused when nurses or clinicians change the position
of the infant inside the crib. Such new arrangements may adversely affect
clustering goodness.

To avoid these issues, in a first moment only recording sessions in which there

are not interactions with nurses or clinicians were analysed, as it is possible to
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see later in section Then to completely resolve these problems semantic
segmentation with Convolutional Neural Networks is used.

Semantic segmentation is understanding an image at pixel level i.e, each pixel
of the image has to be assigned to an object class. Apart from recognizing the
object, it includes the delineation of the boundaries of each object. Therefore,
unlike classification, dense pixel-wise predictions from models are needed.

4.2.4.1 Related Works

Semantic segmentation has several use cases such as detecting road signs [205],
detecting tumors [206], detecting medical instruments in operations [207], colon
crypts segmentation [208], land use and land cover classification [209]. Several
applications of segmentation in medicine are listed in [210].

Techniques used in this field, before deep learning took over computer vision,
were approaches like Texton Forest and Random Forest based classifiers. Then,
as happened with image classification and in many visual recognition tasks [21T],
212], Convolutional Neural Networks (CNNs) have had enormous success on
segmentation problems [213] 214, 215].

On the argument, there are various semantic segmentation surveys such as
the works by Zhu et al. [216] and Garcia et al. [217], where existing methods
are summerised and classified, datasets and metrics are discussed, and design
choices for future research directions are provided.

4.2.4.2 Convolutional Neural Networks

In this section five different approaches taken from literature and based on
CNNs are presented in order to solve the problem of infants’ images segmen-
tation. Then, a novel architecture is described.

4.2.4.2.1 U-Nets

While developing a system for biomedical image segmentation, Ronneberger et
al. [I] proposed a fully convolutional neural network architecture (figure
with 23 convolutional layers composed by a contracting path (left side) able
to capture context and a symmetric expanding path (right side) that enables
precise localization.

The contracting path follows the typical architecture of a convolutional net-
work. Tt consists of the repeated application of two 3x3 convolutions (unpadded
convolutions), each followed by a rectified linear unit (ReLU) and a 2x2 max
pooling operation with stride 2 for downsampling. At each downsampling step
they double the number of feature channels. Every step in the expansive path
consists of an upsampling of the feature map followed by a 2x2 convolution
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Figure 4.12: Illustration of the U-Net architecture. Image taken from [1].

(“up-convolution”) that halves the number of feature channels, a concatena-
tion with the correspondingly cropped feature map from the contracting path,
and two 3x3 convolutions, each followed by a ReLLU. The cropping is necessary
due to the loss of border pixels in every convolution. At the final layer a 1x1
convolution is used to map each 64- component feature vector to the desired
number of classes.

In [2] Ravishankar et al. proposed the RS-UNet a cascade of two Fully
convolutional networks (FCNs), one for segmentation and one for shape regu-
larization (figure [4.13]).

Input Output Input Output
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Figure 4.13: Illustration of the cascade of vanilla U-Net and shape reqularization net-
works. Image taken from [Z].

The segmentation network is the vanilla U-Net architecture, the classic U-
Net revisited by removing two levels of max polling and changing the ReLLU
activation function with a LeakyReLU. The shape regularization network con-
tains shape encoder and decoder blocks, which project the incomplete shapes
into latent representations using compositions of convolutions and non-linear
mappings.

Finally, another modified U-Net architecture, with the best performance
compared to the others, is proposed in this thesis. The structure remains
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largely the same, but some changes were made at the end of each layer. In
particular a batch normalization [2I8] is added after the first ReLU activation
function and after each max pooling and upsampling functions (figure [4.14]).

Conv + ReLU + BatchNormalization
Upsampling + BatchNormalization
Conv + ReLU

Pooling + BatchNormalization
Input

Conv + Sigmoid

Figure 4.14: Illustration of implemented modified U-Net architecture.
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Figure 4.15: Illustration of the SegNet architecture. Image taken from [3].

SegNet (figure [3] has an encoder-decoder architecture based on the
convolutional layers of VGG-16 from the Visual Geometry Group [219, 220],
followed by a final pixelwise classification layer.

The encoder is a succession of 13 convolutional layers followed by batch
normalization and rectified linear units. Blocks of convolution are followed by
a pooling layer of stride 2. The decoder has the same number of convolutions
and the same number of blocks. In place of pooling, the decoder performs
upsampling using the max pooling indices from the corresponding feature maps
in the encoder phase.

The upsampled maps are then convolved with a set of trainable filter banks
to produce dense feature maps.

The final decoder output is fed to a multi-class soft-max classifier to predict
pixel-wise labels for an output which has the same resolution as the input
image.
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4.2.4.2.3 ResNet

weight layer
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Figure 4.16: Residual Unit. Image taken from [J).

The architecture of Residual Network (ResNet) proposed by He et al. [4] is
based on the Plain Network one, which is mainly inspired by the philosophy of
VGG nets [221].

The convolutional layers mostly have 3x3 filters and follow two simple design
rules: (i) for the same output feature map size, the layers have the same number
of filters; and (ii) if the feature map size is halved, the number of filters is
doubled so as to preserve the time complexity per layer. Downsampling is
performed directly by convolutional layers that have a stride of 2. The network
ends with a global average pooling layer and a 1000-way fully-connected layer
with softmax. The total number of weighted layers is 34.

After the observation that the performance of neural networks actually gets
worse when developed to a very great depth, due to the fact that the gradi-
ent vanishes when information back-propagates through many layers, He et al.
decided to insert shortcut connections, which turn the network into its coun-
terpart residual version with an architecture referred to as residual units. The
residual unit (figure performs the following computation:

Ti41 = ReLU (id(zy) + fi(z1)), (4.11)

where x; denotes the input feature of the I —th residual unit, id(z;) performs
identity mapping, and f; represents layers of the convolutional transformation
of the | — th residual unit.

4.2.4.2.4 FractalNet

As an alternative to ResNet, for building ultra-deep neural networks, Larsson
et al. in [5] developed the FractalNet (ﬁgure, which network’s structure,
connections and layer types, is defined by fo(-), where C' denote the index of
the truncated fractal fo(-). The base case is a network that consists of a single
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Figure 4.17: Illustration of the FractalNet architecture. Image taken from [5].

convolutional layer:

fi1(z) = conv(z), (4.12)

and then successive fractals are defined recursively as:

fov1(2) = [(fo o fo)(2)] ® [conv(2)], (4.13)

where o denotes composition, @ is the join operator and C corresponds to
the number of columns, or width, of network fo ().

If depth, defined to be the number of conv layers on the longest path between
input and output, scales as 2¢ !, by using fc(+) as a building block and stacking
it with subsequent pooling layers B times, Larsson et al. yielded a total depth
of B -2¢~1 as in convolutional networks pooling layers are interspersed.

4.2.4.3 Adopted Metrics

To measure the performance of different segmentation approaches, several met-
rics are proposed in literature.

In this thesis two set of metrics are adopted: the first set measures how
much the system is able to separate the infant silhouette from the background,
while the second one measures the ability of the system to correctly classify
the silhouettes.

The first metric is the Jaccard index, also known as Intersection over Union
(IoU), which is used for comparing the similarity and diversity of sample sets.
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It measures similarity between finite sample sets, and is defined as the size of
the intersection divided by the size of the union of the sample sets:

truepos

JaccardIndex = (4.14)

truepos + falsepos + falseney’

where the positive class is the infant silhouette and the negative is the back-
ground. It is averaged across all the test images.

The second metric is the Sgrensen—Dice Index [222], also known as the Over-
lap Index, which is used for comparing the similarity of two samples. It is the
most used metric in semantic segmentation, and is computed as:

2 X truepos
2 X truepos + falsepos + falseney’

Dicelndex = (4.15)

where the positive class is always the infant silhouette and the negative is all
the rest.

The second set of metrics is composed by the average accuracy, precision,
recall and f1 score averaged across all the test images. Considering that the
ability to discriminate the background has been already measured, those met-
rics are evaluated just on the silhouette pixels. These metrics are computed
as:

truepos + truepeg

A = , 4.16
ceuracy truepos + trueneg + falsepos + falseneg ( )
. truepos
Precision = , (4.17)
truepos + falsepos
t 0S8
Recall = %o (4.18)

truepos + falsepneg’

2 x Precision x Recall
F1 = . 4.19
seore Precision + Recall ( )
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Chapter 5

Results and discussion

5.1 SINC cloud-based healthcare architecture

evaluation
Table 5.1: Database Traffic.
Value per hour
Traffic (M Byte)
Received 471
Sent 832
Table 5.2: Database Connections.
Connections Value per hour
Max contemporary connections 578
Failed attempts 0
Table 5.3: Query Statistics.
Queries Value per hour
select 386 k
insert 36
update 27
delete 8

Some initial studies have been conducted by evaluating system performance
in order to validate system usability. Some first results have been reached from
this system implementation regarding the integration of the patient monitor,
the bilirubinometer and the transcutaneous bilirubinometer.
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They demonstrate that the solution provides good performance, by improv-
ing infants’ personal data availability by medical staff members and permitting
data sharing.

Table[5.1]and table[5.2] present, respectively, the database performance about
traffic and about connections, and table [5.3] shows the overall of the query
statistics.

The acquired results can be considered as indicative since the experiments
are conducted in a real case scenario where the specific service is utilized in
order to transmit and receive medical data.

As mentioned in chapter [3] a web platform is developed, where members of
the hospital staff can log in via mobile or stationary devices (e.g., workstation,
personal computer, tablet) through an authentication system (SSO Single Sign
On) in order to increase the security of shared data.

Each of them has a customised interface depending on their roles and on the
operations that they can do.

It is a highly configurable modular platform that can be easily adapted ac-
cording to needs to be managed. In fact, the platform is created considering the
possibility to expand it with new tools as new devices and new funcionalities
are integrated in the healthcare infrastructure.

The platform permits to browse personal data of the patient’s medical record
and enter new patient data.

Moreover, the tools described in section and in Chapter 4| were im-
plemented and tested by physicians and nurses of the NICU of the Women’s
and Children’s Hospital “G.Salesi” of Ancona.

5.1.1 The web interface usability test

A web interface usability test was performed.

In a first phase, participants (6 physicians and 4 nurses) were invited to test
the system one after the other on a computer desktop in the NICU.

The SINC expert first introduced explained the purpose and procedure of
the testing. Participants were assured of their privacy and formal consent
was obtained. The hospital ward layout was adapted to ensure proper testing
and observation with no influences on comments and suggestions from other
member of the hospital staff. A short survey on participant familiarity with
technology was asked to every participant before the testing.

The participants was then given the website name and asked to explore
the web based SINC system on their own. The SINC expert sat behind the
participant and gave no instruction to the participant unless him or her could
not proceed after repeated efforts. The participant was also encouraged to

make comments during the navigation. Participant behaviours and comments
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are recorded using observation metrics and detailed notes. The metrics included
20 tasks to complete on the website (10 on “Bilirubin Tool”, 5 on “Activities
Monitoring Tools” and 5 about the other tools), time needed on each task, and
if a task was performed without error, with error, or needed assistance.

Results showed a very good usability impact and some comments, mainly
on button positioning and icons meanings, are currently used for renew SINC
version. On average all usability test where performed with no suggestions.
Average time to complete a single task was of about 26 seconds. More that
85% of final usability surveys judged the web application with a very good
feeling.

The same set of tests was performed in a second phase using a tablet to
prove the effectiveness of the touch interface. Final results confirmed previous
results; suggestions were again mainly related to icons meanings and their
usability when no text is shown. In the survey 76% of users affirmed that a
tablet use is the preferred one in the future of medical data sharing systems.

5.2 Bilirubin Tool

Figure[5.1]shows the web interface of “Bilirubin Tool”. It is obviously connected
with data coming from EHR, which can be seen summarised at the top of the
web page in a pop-up window.

Physicians or nurses, once selected the involved infant and entered the tool for
the first time, are asked, if they have not already done during the registration
phase, to fill in the risk factors sheet (figure 7 both primary and secondary,
which are used by the algorithm described in section [f.1.4] to determine the
time intervals between one measurement and another and to decide the curve
of which GAs group to take into consideration for the comparison with the
measurements coming from the instruments. This time interval is projected
as a countdown on the top of the page and is associated with a reminder for
nurses to do the bilirubin measurement within the predetermined time or in a
warning that represents the need for an immediate measurement.

Once a TcB or a TSB measurement is made, the value is displayed in real
time on the PC monitor and it can be viewed with infant’s historical values of
bilirubin listed in a table or in a graphical way. Furthermore, it is automatically
compared with the corresponding guidelines curve value, depending on the
infant’s GA and PA. After the automatic comparison, the system displays again
a reminder, a warning or an alarm, if a therapy is required, i.e. phototherapy
or BET.

From the graphs it is possible to see the progress of bilirubin values over the
time in relation to the curves of the different monograms as shown in figure
Of course, only the infant’s related GA curve is plotted, or that corresponding
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Figure 5.1: SINC “Bilirubin Tool” interface.

to the previous GAs group, when a primary risk factor is present. Also in
the tables, besides the value, the numerical difference with the values of the
corresponding curves are shown, in this case also with the relative current PA.

In addition, as already mentioned, physicians may change the interval be-
tween two consecutive checks of bilirubin measurement, which changes the
algorithm countdown control parameters. Doctors, generally, increase the fre-
quency of controls if there is a visible loss of appetite or numbness, factors
that have not yet been included in the algorithm because they are difficult to
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Figure 5.2: SINC “Bilirubin Tool” interface - Risk Factors.

quantify with indicators.

In addition, in the interface there is also a section for manual insertion of the
measurement, in case measuring instruments not interfaced to the DB should
be used, before they are connected. In this case it is necessary to manually enter
the type of instrument used (if for a serum or a transcutaneous measurement),
the date and time of the measurement, which is used to calculate the current
PA, the value of the measurement, for which a check has been set in terms
of minimum and maximum allowed values, and the identification code of the
healthcare staff member who performed the measurement.

5.2.1 Data Analysis Results

As said, in the previous section the algorithm takes in input the bilirubin val-
ues measured each time by the nurses and automatically sent by the measuring
instruments to the DB, the bilirubin threshold values of the nomograms of
SIN guidelines, data inserted by nurses or physicians about possible risk fac-
tors, data coming from the “Anagraphic Tool” and “Growth Tool” and the
workflow rules, which derive from SIN guidelines and from the experience of
the physicians, and gives in output automatic comparisons of measurements,
reminders, warning and alarms.

Each step of the algorithm has been marked with a number, and in the
database is saved in addition to a table relating to the measured bilirubin
values associated with the children’s code, also a table with, for each child, the
step in which the algorithm is located and its timestamp, the number of the
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step from which it came, and the value of bilirubin that brought the algorithm
in that step. In this way the time sequence of the steps of the algorithm is
available, which makes it easier to compare with the actual clinical practice.

In this way it was possible to perform a blind test to evaluate the algorithm
goodness. Physicians were asked to carry out their clinical practice in the
diagnosis and treatment of hyperbilirubinaemia, following as much as possible
the guidelines and noting their actions and decisions for 100 treated children,
without being aware of the decisions made at the same time by the algorithm.
These annotations were then compared with the time trend of the algorithm
described above to see the correspondence and discrepancies with the decisions
made by physicians.

It was found that in 75 out of 100 cases there were no discrepancies between
the decisions (reminders, warnings and alarms) taken by the algorithm and the
actual decisions taken by physicians.

The remaining 25 cases, where differences were found, were carefully analysed
with the help of expert physicians and it was found that:

- In 3 cases, the difference between the decisions taken is due to the fact
that in comparison between measured bilirubin values and nomograms,
in the case of intermediate PA values compared to those present in the
nomogram of the guidelines, the algorithm makes a linear interpolation
between the two extremes of the range within which the PA is included,
while the nurses make an approximate average between these limit values.

- In 15 cases, the difference between the decisions taken is due to the fact
that when comparing the value of the first measurement of TcB with
the related nomogram, the algorithm takes into account the nomogram
of figure [41] with in addition the rule that independently from PA if
TcB exceeds 11 mg/dL, the TSB is required, while nurses often do not
consider the nomogram but only apply the last rule of TSB required if
TcB is > 11 mg/dL.

- In 2 cases jaundice was evident, so a measurement of TSB was imme-
diately carried out, while the algorithm, not being able to recognize the
symptoms, required a TcB.

- In 2 cases, the presence of loss of appetite and numbness in the child led
the doctor to request a TSB despite the fact that the size of the TcB
did not imply it (the values were however at the limit); in 3 cases the
presence of loss of appetite and numbness, together with the presence of a
strong weight loss and other factors led the doctor to start phototherapy
with values lower than the thresholds provided by the nomogram for
phototherapy (the values were in any case the values were as follows.

From these results it is evident that in some cases the algorithm is more
precise than human decisions, in other cases, however, some deficiencies of the
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algorithm are evident, which concern in particular the presence of some symp-
toms of hyperbilirubinaemia that are noticed by the medical staff, while the
algorithm does not consider, such as the colour of the skin tending to yellow, the
lack of appetite and numbness. Therefore, consideration is already being given
to how these factors can be added to the decision algorithm. The secondary
risk factors considered are only familiarity with phototherapy, breastfeeding
and a weight loss > 10%, while it is important to consider also the loss of
appetite, numbness and the colour of the skin. These indicators are difficult
to quantify, so they will initially be considered as binary values, then they can
be entered as scaled values, for example from 1 to 10. Moreover, for the time
being, secondary risk factors are only required at the beginning of the decision-
making process, while it is clear how important it is to update these factors
over time and take them into account in decisions. For example, weight loss is
taken into account when risk factors are recorded, in order to make the decision
about the time interval between measurements checks, but for how it has now
been structured the algorithm a progressive decrease in weight over time is not
considered, even if it can be useful for decision making.

5.2.2 Discussion

As already mentioned, the “Bilirubin Tool” interface and the decision-making
algorithm workflow (figure have been designed and developed after several
interviews with 2 neonatologists and a nurse acting as domain experts.

Very often, unfortunately, it happens that CDSSs, even though they have the
potential to help and support physicians and nurses in daily clinical practice,
are not used by healthcare professionals, because they are not user-friendly
and, indeed, they are seen as tools that make them lose time and sometime as
something that remove physician’s importance or dignity at work. For these
reasons, involving medical staff in the application design phase was essential to
avoid further problems of acceptance of the proposed solution.

After the interviews with doctors the strategic knowledge is outlined in order
to delimit the aims of the system, which are to:

- promote and facilitate the use of the guidelines, as studies have demon-
strated that guidelines following helps to reduce ABE and kernicterus
cases;

- avoid over-precautionary behaviours that lead to an excessive use of pho-
totherapy, which in some cases is resulted to be an unnecessary treatment,
and, thus, lead to the NICU overcrowding, as this is the only hospital
ward where phototherapy is carried out;

- facilitate the exchange of information between the three hospital wards
where bilirubin measures are carried out (NICU, Neonatal Pathology, and
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Pediatric Nursery) in order to create a single, standardised treatment
protocol;

- create a database to allow future studies to be conducted in order to
verify, for example, that following the guidelines actually reduces the
number of ABE and kernicterus.

The decision-making algorithm developed and described in section [4.1.4] con-
sists in an evidence-based CDSS which automates SIN guidelines, used as the
general rules and the knowledge base of the algorithm, but also adds physicians’
expertise at some critical points. In particular, it departs from the guidelines,
using instead the observations and experience of physicians, in the choice of
time intervals between checks and in the selection of the curve corresponding
to the previous GAs group in case of Rh isoimmunisation or ABO haemolytic
disease.

As a result, the algorithm provides reminders to remember the bilirubin
measurement, warnings to emphasize the need for an immediate measurement,
and alarms when a therapy (phototherapy or BET) is required.

A critical point of the algorithm is the inability to automatically recognise
some risk factors that are not present from the beginning but may appear over
time, e.g., loss of appetite or numbness. For this reason, the doctor is given
the possibility to manually vary the frequency of the controls. Even the skin
colour information cannot be automatically entered as an algorithm parameter.
If jaundice begins to show obvious symptoms, such as yellow skin colour, the
doctor immediately performs a TSB measurement. These parameters will be
inserted in the update version of the algorithm, always giving the physician the
possibility to do it manually.

The strength of the proposed EB-CDSS lies in the simultaneous exploita-
tion of both a physical infrastructure that allows the interconnection of the
instrumentation used to make bilirubin measurements that in this way are au-
tomatically loaded on the SINC DB and directly visible from the algorithm,
completely eliminating the manual collecting laborious work and the resulting
possibility of typing and comparison errors, and a web-based platform where
there are other tools in addition to Bilirubin Tool, so the system can read di-
rectly from the DB some parameters used by the algorithm, e.g., GA, PA, birth
weight, current weight. This leads it to be better than any other system pro-
posed in section [I.1.1] where manual entries are provided not only for bilirubin
measurements but also for values related to GA, to PA and so on.

In this way, all the objectives presented in section have been achieved:
the system use and process data collected in a single DB from all the instru-
ments used for the measurement of serum and transcutaneous bilirubin that
are located in the three hospital wards, namely 2 sieric bilirubinometers and 3

transcutaneous ones, in order extract useful information on jaundice diagnosis,
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to facilitate the exchange of information between different wards and to stan-
dardise the treatment protocols of neonatal jaundice, by creating a valid model
for all the birthplaces of Marche Region.

Another advantage introduced by the system is the reduction of the waiting
time necessary for the doctor to accept the request for the start of the pho-
totherapy treatment. While before the nurse had to seek the doctor to receive
the consent, now the doctor can accept the request by answering the email that
is generated by the system when the step of “phototherapy start request” is
reached.

Finally, when the algorithm reaches the last step of “hospital discharge”, a
report in pdf format is automatically generated, which can be used as medical
report to be delivered to the parents of patients, to be entered in the ward
medical record and also sent to the regional EHR. In any case, if the infant
remains hospitalized for reasons other than hyperbilirubinemia, routine TcB
measurements are continued at regular intervals, which are saved on SINC
DBaaS. They are displayed on the Bilirubin Tool interface in the temporal
trend of historical bilirubin values and can also be saved in the medical report.

In addition, even after the hospital discharge, the system provides the pos-
sibility of entering the scheduled follow-up data. Follow-up measurements can
be taken at the “G. Salesi” Hospital or in peripheral hospitals, which are closer
to the parents’ residence. Up until now, when parents went to peripheral hospi-
tals, the bilirubin measurement value was lost, while now there is the possibility
of setting up an account for peripheral hospitals to allow storage of the new
measured bilirubin value. In the same way it will be possible to save the biliru-
bin values measured by family paediatricians in further follow-ups: it will be
sufficient to provide them with an account where they can enter such data.

In conclusion, a web-based decision support tool based on clinical practice
guideline was developed and implemented. The tool revealed rapid acceptance,
and its use was associated with increased observance of SIN clinical guidelines.
Physician evaluations indicated that “Bilirubin Tool” application made the SIN
guidelines look easier to use, more practical, and more significant for physicians
and nurses, which is a particularly important goal to reach.

5.3 Respiration Tool

An application with a user-friendly interface was realised, which physicians and
nurses of the hospital ward can easily use.

Entering the Respiration Tool, they find a graphical interface where they
can select the measurement points on the thoraco-abdominal area of the infant
(figure and then in real time the system displays the path of temporal
depth measured by RGB-D camera from which the respiratory signal and the
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Figure 5.3: Screenshot of interface developed with the Qt Framework while it is run-
ning on Cubieboard2.

respiratory rate are derived.

In particular, in “Process” window there is the RGB stream video on the
left and the depth stream video on the right, where it is possible to select a
region of interest and to monitor the selected points on the infant chest. Then
in “Respiration” window it is possible to see the time trend of the acquired
depth values of the chest points. Finally, in “ Database” window it is possible
to see these values and the relative timestamp and by clicking the button “Save
Data” it is also possible to save them in a .csv file in the local PC in order to
post-process data.

These data are also sent to the SINC DBaaS in order to be stored for further
analysis. Saving these data and data extracted from the patient monitor (sec-
tion on the same DBaaS allows to compare the respiratory rate obtained
with the RGB-D camera with that measured by the gold standard.

5.3.1 Data Analysis Results

Figure reports an example of the respiration signal acquired with the
RGB-D camera (blu line) with the filtered signal superimposed (red line) on a
time window of 10s. The filtered signal is used to detect better the peaks of the
respiratory signal and to calculate the mean value of the RR period compared
with that obtained from the patient monitor.
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Figure 5.4: Example of respiration signal measured from RGB-D camera (blu line)
and of the filtered signal (red line) on a time window of 10s.
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Figure 5.5: Scatter plot and regression line of RR mean values.

Table 5.4: Mean RR values measured by RGB-D camera and patient monitor.

Mean RR values (s)
Test 1 Test 2 Test 3 Test 4 Test 5

Patient Monitor 0.98 0.91 0.92 0.88 0.96
RGB-D Camera  0.96 0.94 0.91 0.88 0.95
Patient Monitor 1.17 1.33 1.15 1.03 0.99
RGB-D Camera 1.21 1.18 1.18 1.02 0.96
Patient Monitor  0.93 0.94 0.79 0.74 0.88
RGB-D Camera 0.95 0.95 0.79 0.82 0.91

Patient ID Device

This comparison is only made possible by the fact that the various instru-
ments are all integrated into the same infrastructure.
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The scatter plot and the regression line, reported in figure [5.5] show a good
correlation between the measured data with respect to the data derived from
the reference instrument. The agreement between the two methods is also
confirmed by the Pearson’s correlation coefficient that is equal to 0.95.

Table [5.4] reports the mean values of the RR period measured both from the
RGB-D sensor and the patient monitor, for each test and for each patient.

The breathing rate (breaths per minute), mentioned in section can be
easily inferred from the RR period through this simple formula:

60

perio

(5.1)

Comparing these values with the RDS thresholds, it appears that 2 of the
infants under examination had a high respiratory rate, therefore, to be kept
under control.

5.3.2 Discussion

The work was mainly focused on the basic hardware and software architecture
of the system, including the web interface, and only preliminary tests were
conducted in the experimental phase.

Though, experimental results showed that the proposed method can correctly
measure the respiratory rate in preterm infants, compared to gold standard,
and it can activate an alarm signal when respiratory rate values go out of the
physiological range, especially when the respiratory rate is higher than normal
values.

The RRperiod, in fact, is instantly compared with threshold value, that dis-
criminates between the disease absence and its presence.

In the future a machine learning approach will be used to classify infants’
in “healthy” and “at risk” classes, for what concerns RDS. This approach will
involve information about thoraco-abdominal balance (section .

In fact, the possibility to select the measurement points on the thoraco-
abdominal area from the web interface, described above, allows to study the
displacement of the chest and abdomen in a separate way and so to see if there
is the wave movement typical of RDS disease.

5.4 Movement Tool

A similar framework is realised for the “Movement Tool” interface (figure [5.6)),
that permits the real-time visual monitoring of the infant during the acquisition.
It displays in real time the RGB stream video on the left and the real-time
“colour-map” of the infant movements on the right.
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Figure 5.6: “Movement Tool” graphic interface.

Figure 5.7: “Colour-map” of the movements extracted from the software.

The “colour-map” (figure [5.7)) is a graphical representation of data where
the variations of the values contained in the depth matrix (movement blobs)

are represented as colours. In particular, by visualizing the “colour-map” it is

possible to get an idea of the amplitude of the movements of the infant and of

their duration: the “colour-map” assumes colours that go in a scale from blue

to red depending on the duration of a movement blob.

From the graphic interface of the “Movement Tool” it is also possible to see

in real time the changing percentage of total movement calculated as the total

movement time of the infant (the sum of the timestamps of all movement blobs)
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on the duration of the acquisition. This percentage updates automatically every
second as the acquisition progresses over time.

By clicking on the “Database” window at the top of the interface it is pos-
sible to see the list of movement blobs over the time. Each movement blob is
characterized by a unique ID and several timestamps, as the movement has a
certain length time. For each timestamp, it is possible to view the x, y and z
coordinates of the relative movement blob centre of mass.

These data are sent to the SINC DBaaS in order to be stored for further
analysis. By clicking the button “Save Data” it is also possible to save them in
a .csv file in the local PC in order to post-process data as shown in section[5.4.1
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ID Blob: 338 Time in: 11:03:59.179 Time out: 11:03:59.964 l
ID Blob: 342 Time in: 11:03:59.537 Time out: 11:04:00.290

Screenshot

New Background Pause Stop Exit

Figure 5.8: “Movement Tool” graphic interface with velocity information.

An upgrade of the just described version of the “Movement Tool” interface
permits to visualise the depth stream video on the left, in order to preserve
privacy, the “colour-map” on the right, to qualitatively monitor infant’s move-
ments in real time, and, in addition to the total percentage of movements,
always displayed, it is possible to see on the monitor if the movement in that
instant is fast, slow or absent (figure [5.8)).

It was possible to obtain this information by dividing the space covered by a
tracked movement blob by the time length of the blob itself at the end of each
movement. The velocity thus obtained is instantly compared with 2 thresholds
values, one that discriminates between non-movement and movement and one
that discriminates between slow and fast movements. These threshold values
were determined empirically by showing some test acquisitions to the NICU
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physicians. In the future a machine learning approach will be used to classify
movements in slow, fast or absent and for this reason a dataset is being built
recording infant’s activities characteristics (i.e. crying, sleeping, eating, exter-
nal activity, slow motion, fast motion) and the relative timestamp during the
acquisition.

In figure there is a series of interface screenshots extracted from a real
time acquisition, which shows the sequence of a fast movement [5.9a] a slow
movement and then the absence of movement During the acquisition
the child has progressively calmed down and consequently it is possible to see
the decrease of the total percentage of movements, which is related to the

current timestamp.

(a) Fast movement (b) Slow movement (¢) No movement

Figure 5.9: “Movement Tool” interface screenshots that represent a sequence of fast
movement [5.9d, slow movement[5.9Y and the absence of movement[5.9d
during a real-time acquisition.

Finally, by clicking on the “Extremities” window it is possible to see the
real-time tracking of the body extremities, i.e. hands, feet and head, as shown
in figure The image on the right is the result of the elaboration described
in section where the path (in green) and the node with maximum
distance (in yellow) are depicted over each frame during the acquisition to
track body extremities.

Experimental results showed that the procedure works well when applied on
foot and head tracking, less well when applied to hand tracking, because often
the infant carries his hands above the body and therefore segmentation does
not allow the distinction between extremities (hands) and the rest of the body.

Concerning the computational cost of the entire calculation procedure, a
delay with respect to the video stream was noted, due to the fact that the
algorithm requires more time than the frame time of the original video. Ex-
perimental analysis showed that the problem is the step of edges creation. To
implement the graph, Boost Library is used [223], which offers a lot of pre-com-
piled and optimized functions, but it is unable to ensure sufficient performance
to the application scenario. To minimize the time, the algorithm must be ap-
plied to the smaller portion of image that contains the limbs under examination.
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File Tools Help

— .|
Process  Movements Database = Extremities Config

Sensor Initialized
Select the Points in the depth image ...
Select ROI ... '

Screenshot

New Background Pause Stop Exit

Figure 5.10: “Movement Tool” graphic interface with extremities tracking.

5.4.1 Data Analysis Results

In this section results related to the data post-processing phase described in
section are presented. After the exportation of depth values and times-
tamps related to movement blobs during an acquisition, data were analysed in
post-processing in order to extract some important indicators and models useful
to describe infant movement characteristics.

5.4.1.1 MIA (Motion Infant Analysis) dataset

MIA datasel] consists in the states vector described in section along
with the corresponding timestamps, derived from depth measurements col-
lected by an RGB-D sensor placed perpendicularly above an infant, lying in a
supine position on the crib, at a distance of 70 cm, normally directed to the
subject.

The preterm infant under examination is a male hospitalised in the NICU
of the Women’s and Children’s Hospital “G.Salesi” of Ancona (Italy) of 37+ 1
weeks of GA, with a GA at birth of 31 + 2 weeks and a weight of 2050 g.

For data collection the time interval between one meal and the following
is chosen. During this period, of about 4 hours, the infant can be awake or
asleep. This time interval is divided in recording sessions of 300 seconds each

Uhttp://vrai.dii.univpm.it/mia-dataset
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one, which allowed to discard those records in which there is an interaction
with a nurse or a clinician.
As a result MIA dataset contains a timeline of 16 different states in which

the infant under examination was in, for a total period of 35 recording sessions.

5.4.1.2 KPIs and MC Transition Matrix

Data of table 5.5 show the presence of three long periods of inactivity, affecting
recording sessions 8, 10—12, 32—33, in which the infant is completely stationary.
During the other recording sessions inactivity moments (state 1) alternate with
moments during which infant moves one or more limbs (states 2 to 16). These
information are also clearly visible in figure [5.11

t

i e o I i i — o —
3000 4000 5000 6000 7000 8000 2000 10000
Time (s)

Figure 5.11: States activation sequence during time.

Thanks to the Mg KPI it is possible to see that the percentage of total
infant’s movement averaged over 35 recording sessions is equal to 34.14%. In
particular, 17.76% is the percentage of movement for RL, 16.91% for LL, 18.05%
is the one for RA and 18.67% for LA.

The Mé/é KPI also highlights that over the 35 recording sessions the upper
limbs, RA and LA (red-highlighted), move more than lower limbs, RL and LL
(yellow-highlighted).

Mg KPI says that the right side of the body (RL and RA) and the left
one (LL and LA) are characterized by approximately the same percentage of
movement over the total recordings, i.e., they move on average for the same

time.
Although on average arms move for the same time, thanks to 7 KPI, it is
clear that LA (fLA = 0,60 s, red-highlighted) makes longer movements rather
<RA

than the RA (¢
™ =0,525).
This also influences the average duration of the movements of the left part
of the body (fL = 0,97 s, red-highlighted), which is greater than that of the
right side (7% = 0,85 s).
7! KPI gives information about movements average velocity: RL makes jerks
and very fast movements (v7*F = 21,44 em/s, red-highlighted), otherwise RA

= 0,51 s) and also with respect to the legs (ERL = 0,49s,
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makes slower movements (774 = 13.98 ¢cm/s, yellow-highlighted) than other
limbs.

This is confirmed also by @ KPI, greater for LA and lower for RA (@fF =
100, 71 ¢m/s?, red-highlighted and @®4 = 57,04 em/s?, yellow-highlighted).

From V' KPI information about movements amplitude can be obtained:
legs, as expected, cover larger volumes (red-highlighted) than the arms as they
perform larger movements.

Figure[5.11|shows the activation of each state s during the registration period.
From this figure it is clear that infant is stationary for most of the time (state
1) and that remains completely stationary for three long periods of time, as
already highlighted in table When the infant is moving (states 2 to 16),
the state, in which he is in, varies very quickly and for this reason it is difficult
to view the state changes in the image.
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Table 5.5: Data results and KPIs.

rRs ME Mk, Mg #[s) T (s ot [em/s] al [cm/sz] vi [m?’]
RL LL RA LA R L RL LL RA LA R L RL LL RA LA RL LL RA LA RL LL RA LA
01 44.86 33.73 23.22 28.80 18.13 40.37 28.55 0.98 0.68 0.65 0.63 2.38 1.00 12.24 32.06 20.70 41.92 39.49 151.25 81.96 217.85 0.16 0.23 0.15 0.30
02 17.41 4.76 7.31 12.12 7.85 14.01 11.76 0.44 0.65 0.89 0.50 1.00 0.84 24.32 7.76 18.41 27.10 129.82 21.36 74.06 87.71 0.24 0.20 0.18 0.16
03 10.67 3.98 5.49 4.90 5.79 7.35 8.55 0.45 0.67 0.76 0.73 0.68 1.49 55.74 24.42 10.16 31.05 319.63 91.35 26.83 81.42 0.83 0.24 0.19 0.18
04 514 205 233 219 1.92 4.21 2.77 0.74 1.35 0.70 0.62 0.72 2.00 114.98 8.28 7.01 32.03 561.68 27.82 15.96 154.97 0.83 0.18 0.14 0.22
05 80.34 28.70 34.89 41.31 49.97 56.74 66.45 0.54 0.54 0.60 0.68 0.80 1.11 26.27 37.89 16.13 32.40 96.59 184.84 64.33 118.84 0.26 0.24 0.18 0.19
06 14.88 7.49 7.57 3.07 6.43 8.88 11.81 0.85 0.80 0.38 0.80 0.78 1.11 13.75 13.79 7.01 24.49 31.34 65.13 24.40 103.53 0.18 0.14 0.22 0.22
07 1.27 0.72 0.59 0.27 0.44 0.83 0.77 0.43 0.59 0.80 1.33 0.50 1.15 82.25 12.98 10.33 29.32 587.88 36.94 28.99 86.98 0.32 0.26 0.23 0.23
08 0 0 0 0 0 0 o - - - - - - - - - - - - - - o
09 19.37 5.42 6.86 6.30 7.49 10.16 13.25 0.37 0.79 0.55 0.40 0.76 0.80 43.53 21.81 61.80 75.47 182.53 111.65 254.24 373.05 0.30 0.17 0.33 0.33
10 0 0 0 0 (0] 0 0 - - - - - - - - - - - - - - - - - -
11 0 0 0 0 0 0 0 - - - - - - - - - - - - - - - - - -
12 0 0 0 0 0 0 0 - - - - - - - - - - - - - - - - - -
13 1.57 0.34 0.53 1.04 0.96 1.12 1.23 0.50 0.52 0.78 2.87 1.11 1.83 8.93 7.13 8.29 7.59 25.85 31.52 27.25 10.84 0.23 0.26 0.13 0.11
14 5.81 2.31 1.69 2.50 2.22 4.11 3.42 0.48 0.33 0.81 0.46 1.00 0.50 59.58 59.93 28.11 11.17 283.98 299.34 125.53 42.73 0.35 0.32 0.21 0.15
15  3.17 1.15 1.06 0.98 1.86 1.96 2.48 0.57 0.35 0.49 0.55 0.73 1.06 11.07 78.08 9.31 20.88 24.37 272.43 32.90 46.44 0.25 0.34 0.16 0.22
16 8.99 1.36 4.25 3.78 4.63 4.64 7.53 0.43 0.64 0.54 0.66 0.60 1.07 7.81 89.04 24.82 65.34 31.38 400.63 79.90 272.34 0.15 0.23 0.23 0.32
17 8.01 3.75 3.49 2.00 3.43 4.67 5.75 0.47 0.42 0.44 0.75 0.67 0.97 40.65 50.51 79.91 28.17 152.73 187.25 455.00 75.96 0.55 0.26 0.32 0.18
18 5.54 0.90 3.38 2.33 1.00 3.23 3.87 0.52 0.81 0.75 0.36 0.72 1.24 57.42 30.02 8.29 5.47 327.20 167.98 19.46 20.11 0.13 0.24 0.25 0.26
19 57.79 26.06 38.37 37.88 27.75 46.41 48.43 0.50 0.62 0.74 0.48 1.15 1.10 10.47 29.97 16.87 8.46 38.00 145.92 57.97 29.34 0.15 0.27 0.23 0.13
20 4.30 1.09 1.83 0.38 1.55 1.36 3.07 0.44 0.87 0.53 0.49 0.64 1.24 2.83 15.73 4.13 8.32 8.35 23.81 12.70 38.22 0.11 0.31 0.14 0.22
21 90.00 46.60 58.75 31.50 50.39 59.40 80.25 0.50 0.63 0.45 0.72 0.75 1.65 19.83 13.25 9.61 16.07 91.37 50.61 33.03 70.80 0.24 0.21 0.15 0.17
22 86.45 25.81 50.50 42.88 39.30 56.26 71.12 0.51 0.76 0.55 0.69 0.77 1.25 8.01 15.83 24.24 15.54 30.27 55.17 98.96 63.74 0.14 0.32 0.37 0.18
23 93.36 57.20 26.52 41.93 49.04 76.56 63.61 0.72 0.46 0.61 0.57 1.19 0.80 18.79 9.27 9.86 13.09 73.28 38.86 33.85 36.27 0.33 0.14 0.16 0.20
24 99.45 75.82 59.03 76.68 55.25 95.53 82.38 0.79 0.60 0.74 0.53 2.41 1.02 16.05 9.91 14.92 16.80 62.13 35.41 66.02 62.97 0.21 0.14 0.16 0.22
25 93.57 54.26 43.75 51.45 66.61 77.39 78.38 0.64 0.52 0.58 0.75 1.08 1.35 17.57 16.26 9.94 16.62 67.55 59.37 40.36 70.22 0.28 0.27 0.15 0.15
26 14.11 10.89 7.66 7.15 7.59 12.80 11.26 0.77 0.78 0.60 0.49 1.51 1.10  9.32 38.16 9.46 30.45 32.24 191.09 28.59 130.17 0.15 0.32 0.16 0.25
27 99.46 58.15 49.00 68.74 76.69 88.70 88.30 0.68 0.56 0.70 0.88 1.41 1.45 13.38 16.95 13.97 14.92 46.98 74.50 54.91 56.06 0.30 0.25 0.15 0.16
28 99.31 65.68 54.54 56.04 66.81 86.08 85.51 0.73 0.62 0.58 0.75 1.53 1.39 18.46 17.11 11.13 10.60 72.30 61.51 40.49 39.15 0.22 0.21 0.14 0.15
29 63.83 29.94 42.21 35.50 48.82 45.68 59.31 0.48 0.64 0.51 0.72 0.74 1.87 8.02 18.09 7.36 21.22 30.31 67.52 27.82 85.90 0.13 0.21 0.15 0.29
30 61.15 30.27 17.32 35.64 17.66 51.37 28.07 0.51 0.52 0.73 0.49 1.40 0.79 12.64 13.73 11.79 10.66 42.93 50.41 38.30 44.65 0.39 0.18 0.27 0.14
31 40.42 5.07 19.32 23.50 11.42 26.28 26.07 0.32 0.56 0.68 0.62 0.67 0.84 10.53 17.44 15.15 13.59 49.04 58.93 66.52 45.18 0.12 0.31 0.67 0.18
32 0 0 0 0 0 0 0 - - - - - - - - - - - - - - - - - -
33 0 0 0 0 0 0 0 - - - - - - - - - - - - - - - - - -
34 28.65 14.29 11.75 9.13 9.66 19.60 18.48 0.61 0.61 0.51 0.44 0.81 0.82 8.71 10.37 12.07 15.11 27.29 40.34 46.09 48.22 0.16 0.33 0.40 0.14
35 35.87 23.96 8.48 1.83 12.77 24.52 19.43 1.18 0.49 0.23 1.05 1.23 1.00 17.34 7.74 8.43 11.59 58.18 23.17 39.95 29.56 0.37 0.17 0.15 0.17
AVG 34.14 17.76 16.91 18.05 18.67 26.58 26.62 0.49 0.52 0.51 0.60 0.85 0.97 21.44 20.67 13.98 18.73 [100.71 86.46 57.04 72.66 0.23 0.20 0.18 0.17
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Figure 5.12: Transition matriz P of infant’s movements.
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Figure 5.13: Temporal evolution of P(t|t) probabilities related to each state.

Figure that represents the modelling of the MC transition matrix P of
the total recorded period, shows the matrix representation of the probability
of transition from one state to another, whose values range from zero to one.

The fact that the probability values along the matrix diagonal are very high
means that the probability that in the next instant (KX + 1) infant remains in
the same state of the previous instant is very high. In other words, it is very
likely that once infant moves certain limbs, he continues moving those same
limbs also in the next instant.

Furthermore, along the matrix diagonal there are some element with more
intense colour (higher probability) than others, e.g. elements P(2,2), P(3,3),
P(5,5), P(9,9), in which infant moves only one limb, meaning that the prob-
ability that he continues to move only the same limb is high.

The highest probability value is the element P(1,1) because of the infant is
stationary for 65,86% of the total time, and, therefore, the probability that he
remains in state 1 is very high.
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Other elements (not along the diagonal) with significantly higher values are
due to the addition in the next state of the movement of a single other limb
in addition to those already moved in the previous state. An example of these
cases can be seen in element P(4,8), that describes the probability of a tran-
sition from state 4, in which infant moves legs, to state 8, in which he moves
legs and RA.

The transition matrix is calculated for each recording session and then the
diagonal element values are plotted for each session in figure In this
graph, there are three areas where the probability of remaining on the same
state decreases for all the diagonal elements except that one related to the
state 1 (which corresponds to infant inactivity). These areas correspond with
recording sessions mentioned before, in which the infant is stationary (8, 10—12,
32 — 33). Confirming what has just been said, during the recording sessions in
which he moves, the probability of all the diagonal elements increases except
inactivity probability (state 1), that decreases.

Figure [5.14) shows different models of MC transition matrix during several
time periods of the day. Studying the evolution of the motor behaviour of the
infants will be possible by analysing such models over time.

Thereby, models can be used to study infants movements, their behaviour
over time and in particular the sequences of movements.

The sequence in which infants move their limbs is predictive of certain
pathologies. For example, the simultaneous movement of all limbs is associated
with CSGMs, while the movement of one limb after the other is associated with
normal movement.

Thus, the classification of infants based on these CM transiton matrix models
could be helpful in classifying them in “healthy” and “at risk” classes.
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(b) Transition matriz after a meal.
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(¢) Transition matriz during the evening.

Figure 5.14: Transition matriz P of infant’s movements during different periods of
the day.
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5.4.2 Discussion

In this subsection discussion and some possible future developments are pre-
sented.

In this section, a novel video-based system for preterm infant’s movement
detection and analysis is presented by using a non-invasive depth sensor placed
over the infant lying on the infant warmer.

An algorithm is developed, able to detect infant’s movements in real-time
from depth stream and to extract some important features from the sequence
of depth images collected by RGB-D sensor.

Some important indicators are derived, which can be used by clinicians to
objectively study infant’s movements during his development.

By using the information included in KPIs it will be possible to quantify
the change in infant’s limbs movements during the time and the improvements
after physiotherapy, to observe the presence of the physiological transition from
WNMs to FMs, the absence of FMs or the presence of abnormal movements.

KPIs give information about movements percentage, velocity, acceleration,
amplitude and volume, about activities sequences and symmetries in move-
ment.

E.g., Mg KPI, when s = 16, tells about the percentage time during which
the infant moves all the limbs simultaneously and it can give information about
the presence of abnormal movements as CSGMs.

Recent studies indicate that infants with an abnormal persistence of GMs
between the different stages of transformation (Writhing and Fidgety) present
a high risk (70%-80%) of developing CP. Some studies report that the per-
manent presence of abnormal GMs in the fidgety phase, which implies a total
absence of elegance and complexity of movements, predicts a CP with an ac-
curacy between 85% and 98%. More recent studies indicate that infants with
abnormal GMs in the fidgety phase who do not develop CP may develop other
problems, such as minor neurological disorders, attentive deficits, hyperactivity,
aggressive behaviour or cognitive problems [224].

The work is mainly focused on the statistical method reporting only prelim-
inary test results, but, currently, more extensive studies with more infants are
in process.

The project, indeed, opens to future evolutions in the direction of infants’
classification in “healthy” and “at risk” classes. Based on this set of parameters,
the aim is to develop scores to resemble GMA as a support for clinician in CP
diagnosis, in order to increase the number of early detections of movement
disorders, so that treatment can be started as soon as possible.

Limitations of the proposed system are due to occlusions caused by external
interventions that occur when nurses or physicians put their hands between the
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depth sensor and the infant to perform their activities.

Another problem may be caused when nurses or clinicians change the position
of the infant inside the crib. Such new arrangements may adversely affect
clustering goodness.

To avoid these issues, only recording sessions in which there are not inter-
actions with nurses or clinicians are considered in the data processing phase.
Then, to completely resolve these problems semantic segmentation with Con-
volutional Neural Networks is used improving the quality of limbs tracking.

Results of image semantic segmentation approach to extract preterm infant’s
silhouette from depth image are presented in next section.

5.5 Semantic Segmentation

This section presents the results obtained from the implementation of the dif-
ferent CNNs architectures described in subsection E2.41

For training neural networks the dataset, generally, is splitted into three
parts: training, validation, and test. When training the neural networks, here
proposed, a common approach was followed in order to better highlight compar-
isons between the different architectures. Thus, in the following experiments,
70%, 10% and 20% of dataset are chosen respectively for train, test and vali-
dation.

Each CNN architecture was trained with two types of depth images, respec-
tively of 16 bit (original depth image) and 8 bit (scaled depth image), since
the dataset is composed of tuples consisting of three images for each frame,
the original depth image, the scaled depth image and the ground truth, as
explained in the next paragraph.

An update rule based on iterations over training was used to learn model
parameters, and the best model was generally chosen by evaluating a secondary
stopping criterion on a held out validation set. Once this is complete, the best
model was also evaluated over the never before seen test set. In addition,
several combinations of hyperparameters were tested: a learning rate of 0.001
and an Adam optimization algorithm were used.

5.5.1 PIDS (Preterm Infants’ Depth Silhouette) Dataset

In order to locate the silhouette of preterm infants lying on the crib under the
RGB-D sensor placed perpendicularly above the infant warmer at a distance of
70cm, normally directed to the subject, by the use of semantic segmentation,
PIDS (Preterm Infants’ Depth Silhouette) Dataset is built.

The sensor used captures depth and colour images, both with dimensions
of 320x240 pixels, at a rate up to approximately 30 fps and illuminates the
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scene/objects with structured light based on infrared patterns.

Subjects under acquisition are 9 preterm infants hospitalised in the NICU of
the Women’s and Children’s Hospital “G.Salesi” of Ancona (Italy). Their GA
at the time of acquisition ranged from 32 and 34 weeks, with a mean age of
3313 weeks and the weight is between 1400 g and 1800 g, as shown in table

Table 5.6: PIDS Dataset infants characteristics (Gestational Age and Weight).
Gestational Age Weight

ID Acquisition

(weekstdavs) (9)

1 3213 1420
2 3313 1618
3 3412 1762
4 Ryan 2050
5 3514 1800
6 34+4 1625
7 36°° 1970
8 36+3 1890
11 3510 1770
16 3312 1655
Mean 3416 1756

As mentioned above the dataset is composed of tuples, instances identified
by a unique timestamp, and each of them consists of three images:

e a 16 bit depth image, the original image acquired by depth sensor;

e a 8 bit depth image, obtained after a preprocessing phase aimed at scal-
ing the original corresponding 16 bit depth one in order to obtain an
image where the infant silhouette is highlighted by improving contrast
and brightness;

e the corresponding ground truth, that consists of the infant silhouette
(white) on an homogeneous background (black).

The ground truth was manually labelled by 6 human annotators, with the
help of the timestamp corresponding RGB image, that has been acquired for
the sole purpose of facilitating the labelling and thus the creation of the dataset,
but that is not part of the dataset itself.

Figure [5.15] shows an example of a dataset instance that includes the three
images described above.

The dataset is divided into two folders:

e positive, which contains 1710 positive instances, i. e. 1710 tuples of the
3 images above described in which the infant is in the crib (;

e negative, which contains 1800 negative instances, i. e. 1800 tuples of
the 3 images above described in which the infant is not in the crib and
therefore it is not the infant’s silhouette in the image. Here the ground
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_ti

) 16 bit depth image (b) 8 bit depth image ) Ground truth

Figure 5.15: Example of a PIDS Dataset positive instance. It consists of 16 bit origi-

nal depth image , 8 bit scaled depth image and the corre-
sponding ground truth .

truth consists of a completely black mask ( [5.16]).

- A -

) 16 bit depth image (b) 8 bit depth image ) Ground truth

Figure 5.16: Example of a PIDS Dataset negative instance. It consists of 3 images
where the infant is not present in the frame: a 16 bit original depth image
(15.16 , a 8 bit scaled depth image and the corresponding ground
truth 5.16’3), a completely black mask.

Positive instances also include the so-called partial instances where
the infant is only partially visible because it is partially framed, because it is
covered by the hands of health workers or because it is partially covered by a
sheet. In this case the acquired RGB image was very useful for correctly
labelling the corresponding depth image.

) 16-bit  depth (b) 8-bit depth ) Ground truth (d) RGB image
image image

Figure 5.17: Example of a PIDS Dataset partial instance. It consists of 3 images
where the infant is partially visible in the frame: a 16 bit original depth

image , a 8 bit scaled depth image and the corresponding
ground truth . Figure is the corresponding RGB image used
to facilitate ground truth annotation.
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The infant is generally in a central and horizontal position with respect to the
framing, but sometimes when nurses change sheets, diapers or during meals,
the infant is moved to a vertical or lateral position with respect to the framing.
The same happens when the depth camera is moved. For this reason, these
special cases have also been included in the dataset (figures .

w-

(a) 16 bit depth image (b) 8 bit depth image ) Ground truth

Figure 5.18: Example of a PIDS Dataset decentralised infant’s instance.

(a) 16 bit depth image (b) 8 bit depth image ) Ground truth

Figure 5.19: Example of a PIDS Dataset vertically positioned infant’s instance.

The total 17 acquisition sessions (see table forming PIDS Dataset have
been performed over a 28-months period of time. Acquisitions were made in
an indoor scenario (NICU) where the illumination conditions are not constant:
some acquisitions were made with natural light entering the windows, others
with artificial light. Moreover, natural light varies in function of the different
hours of the day and it also depends on weather conditions.

The use of depth sensor makes it possible to make acquisitions even during
the night when lights are very low. It is evident from figure[5.20d] that it would
be difficult to perform segmentation using RGB images, and this is not one of
the worst cases.
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(a) 16 bit depth (b) 8 bit depth (c) Ground truth (d) RGB image
image image

Figure 5.20: Example of a PIDS Dataset instance acquired when lights are very low.

Table 5.7: PIDS Dataset acquisition sessions and relative instances.

# of Positive # of Negative

ID Acquisition

Instances Instances

1 149 -

2 274 -

3 734 -

4 34 -

5 46 -

6 300 -

7 112 -

8 29 -

9 - 383
10 - 537
11 25 -
12 - 79
13 - 468
14 - 63
15 - 66
16 7 -
17 - 204

TOT 1710 1800

5.5.2 Data Analysis Results

5.5.2.1 Quantitative Evaluation

The performances of the different CNNs architecures described in are
evaluated on the dataset splitted in train, test and validation sets, respectively
formed by the 70%, 10% and 20% of entire dataset, as said above.

Each CNN architecture was trained with the two types of depth images of
each dataset instance, the 16 bit and the 8 bit image.

When training the neural networks, a common approach was followed in order
to better highlight comparisons between the different architectures. Thus, each
network was trained with a learning process of 200 epochs, which approximately
corresponds to the achievement of convergence, as is possible to visually see
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Figure 5.21: Jaccard index trends over the 200 epochs for each CNN architecture.

Table 5.8: Jaccard and Dice indices of different CNN architectures.

Jaccard Jaccard Dice Dice
Train Validation Train Validation

8 0.859001 0.862817 0.924153 0.926358

Net Bit

U-Net Il 16 0861923 0.864808 0925842  0.927503
8 0.922663 0.941277 0.959776  0.969750

U-Net2 2] 15 924417 0941705 0.960724  0.969977
U.Nets 8 0964909 0944524 0982141 0971471
16 0.964385 0.943941 0.981869 0.971162

SegNet [ B 0926655 001852 0.961931 0.945410
g 16 0.926333 0.897216 0.961758 0.945824
ResNet [ 5 0913468 0.024655 0970912 0960853
16 0.941735 0.927212  0.969994 0.962232

Fractal [j 5 0961110 052004 0950174 0.975031

16 0.962137 0.951963 0.980703 0.975390

from the images below.

Then the epoch with the best result on train and validation sets is selected
as the final model and the corresponding indexes are reported in the following
tables.

Table 5.8 shows Jaccard and Dice indices calculated on train and validation
set respectively.

Considering the value of Jaccard and Dice indices calculated on the train set,
which is the most significant one, it is possible to see that the network that
wins over the others is the U-Net3, the one implemented in this thesis work.
The U-Net3 8-bit version greatly outperforms all the concurrents with a value
of Jaccard index of 0,964909 and a Dice Index of 0,982141. The performance
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Table 5.9: Semantic segmentation results of different ConvNet architectures.

Net Bit Accuracy Precision Recall F1-Score

8 0.984514 0.926640 0.951217 0.904518
16 0.984581 0.928222 0.951852 0.907175

8 0.986978 0.966541 0.965419 0.967820

U-Net [I]

U-Net2 [2] 16 0.987042 0.967384 0.966019 0.968877
U-Net3 8 0.988792 0.989633 0.988389  0.990899
16 0.988799 0.988496 0.987339 0.989663

SegNet [3] 8 0.987432 0.965309 0.962212 0.968493
& 16 0.987445 0.965120 0.962161 0.968151
ResNet [4] 8 0.988122 0.974488 0.972054 0.976957

16 0.988048 0.973575 0.971580 0.975608

0.988575 0.989374 0.986805 0.992015

8
FractalNet [5] | (gger8s 0990059 0.983008 0.992142

of the FractalNet is also very good, as in the 8-bit version it obtains the best
results on validation test and in the 16-bit version it is second only to the
U-Net3 on train set results. Immediately after there is the ResNet.

In table [5.9] are reported the results in terms of accuracy, precision, recall
and Fl-score.

Also from this table it is possible to see that in general the best network is
the 8-bit version U-Net3, which has the highest values of precision and recall
compared to all other networks and very high values of accuracy and F1-score.
The highest accuracy value belongs to the 16-bit version U-Net3, while that of
F1-score to the 16-bit version of the FractalNet, which is still performing well
and, as before, is followed by the ResNet in terms of results.

In conclusion, considering all the metrics as a whole, it is possible to say
that the best CNN architecture for PIDS Dataset is the 8-bit version of U-
Net3, followed by FractalNet and ResNet, i. e. the deepest networks.

In figure[5.21]is shown for each CNN the trend of Jaccard index during the fit
process. It is possible to see that the FractalNet and the ResNet immediately
reach high values after a few epochs. Instead, the U-Net3 increases its value
more slowly, but converges at high values as the FractalNet. On the contrary,
it is easy to see that the performances of the classic U-Net are below all other
networks.

In a similar way, in table for each network is shown the Jaccard index
trend along the 200 epochs.
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5.5.2.2 Qualitative Evaluation

The segmented images can also be evaluated from a qualitative point of view.
In fact, a good annotation is not just an annotation that reaches high scores on
all the metrics, but above all an annotation that looks nice and closely matches
the borders of infant sihlouettes.

The achievement of this visual matching is not captured by the discussed
metrics. Thus, the segmented images can be qualitatively evaluated in order
to see which of the various networks is more prone to reach the objective.

In this light, in table the predicted images obtained from the various
networks are reported, compared with the ground truth at the top. As a
first thing, it is clearly visible that the classic U-Net achieves not very good
performances, as resulted from the analysis of the metrics. This is justified by
the nature of the network born with the aim of segmenting cells into biomedical
images, with shapes that are more compact, circular and less articulated than
an infant’s silhouette.

The ResNet reaches good results on metrics, but from visual inspection it is
visible that the annotations have a not so high quality, as the SegNet.

Finally, also from qualitative observations, it is clear that the best CNN is the
U-Net3 (8 and 16-bit versions) which manages to fairly faithfully reproduce the
infant’s silhouette. The net partly continues to maintain this tendency towards
rounding that allows it to blunt the figure and make it more smoothed and less
fragmented than the FractalNet predicted image and so more similar to the
label.

5.5.3 Discussion

In this subsection some important advantages and limitations of semantic seg-
mentation approach are highlighted.

A novel dataset containing 10530 depth images has been created, of which
a third are 16 bit depth images, the original images acquired by depth sensor,
a third are 8 bit depth images, obtained after a pre-processing phase aimed at
scaling the original corresponding 16 bit depth ones in order to obtain an image
where the infant silhouette is highlighted, and the remaining third consists of
ground truth corresponding images. It contains 1710 positive triplets in which
the infant is in the crib and 1800 negative triplets in which the infant is not in
the crib.

6 different CNNs have been tested on this new dataset with good quantitative
and qualitative results. The use of CNNs greatly improves the detection of the
infant’s silhouette with respect to simple binary segmentation.

Experimental results demonstrate the effectiveness and suitability of the new
implemented U-Net, obtained by modifying the classic U-Net, that achieves
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high accuracy and performs better than all other tested networks.

Semantic segmentation has been used to solve the problem of occlusions that
occur by healthcare staff members: hands that are placed between the sensor
and the infant during clinical practice, if at the height of the infant, can, in
fact, be exchanged for the infant himself, when threshold segmentation is used.
Hand movements can thus be mistaken for infant’s movements.

To avoid this issue, initially, the time interval of the acquisition studied
in order to analyse data processing was divided in recording sessions of 300
seconds each one, which permits to discard those records in which there are
interactions with a nurse or a clinician.

Using semantic segmentation it will be possible to apply the algorithm for
motion detection without interruption, even during procedures by nurses and
doctors.

The high computational calculation due to the use of neural networks, made
it necessary to use a PC with higher characteristics than those of the Cu-
bieboard used in the architecture described above. Networks were trained on
a PC desktop with a NVIDIA GTX 970 GPU, but also for the application of
the real-time prediction model during the acquisition it was necessary to use
something more powerful than the Cubieboard. In particular, the Asus Vivo-
Mini PC UN42-M026M was used in order to try to keep as much as possible
the characteristics of the system not to be bulky.
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Table 5.10: Jaccard Index results.
8 bit 16 bit

09 09
08 08
07 o7
08 05
DI gos gos
-INe H L]
04 0s
03 03
02 02
01 01
o o
o 50 150 200 o 50 150 200

100
Epochs

U-Net2

Epochs Epochs

U-Net3

Epochs

Jaccard
°

ResNet

100 150 200
Epochs

SegNet

Epochs

08 08
07 07
06 06
FractalNet 1> i
actaliNe g g
04 04
03 03
02 02
04 04
0 0

0 50 100 150 200 0 50 100 150 200

Epochs Epochs

117



Chapter 5 Results and discussion

Table 5.11: Qualitative result of prediction.
8-bit 16-bit Label

ok

[y ) X

U-Net2 [2]
U-Net3
SegNet [3]
- |
ResNet [4]
FractalNet [5]
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Chapter 6

Conclusions and Future Works

6.1 Discussion

This thesis has presented an efficient cloud-based health infrastructure that
permits the automation of the processes of data collection, transmission, stor-
age, processing and availability for the personnel of the NICU of “Women’s
and Children’s Hospital G. Salesi” of Ancona.

A solid foundation for building a device network has been developed to allow
data sharing between medical devices, as well as the communication in real-time
with EMR data.

This allows physicians to have a general idea about patient’s health con-
ditions and to not neglect any important detail for the patient’s care and to
support them in medical decisions.

Moreover, the automatic transmission of the measured values from devices
to the cloud storage eliminates the drawbacks of manual collection work and
the consequent possibility of typing errors.

The infrastructure has been tested by connecting 4 different types of instru-
ments with a single DB connected to the EMR of the hospital ward. The
4 different types of medical instruments, patient-monitors, bilirubinometers,
transcutaneous bilirubinometers and RGB-D vision systems, and the related
communication protocols used to interconnect them to the DB have been de-
scribed in detail.

Thus, in addition to connecting medical instruments already present in the
department, a new device has been created, which deserves some consideration.
It is a medical imaging method to estimate preterm infant’s respiratory rate
and movement indicators with a non invasive embedded RGB-D sensor. It is
low-cost, not bulky and easy to install in the hospital environment where the
experimental phase was carried out and where it is going to be used in daily
clinical practice. Affordability, installability and practicability are important
characteristics required to all new systems installed in the NICU. It is non-
contact and non-invasive. This ensures the decrease of the discomfort procured
to the baby, reducing the number of transducers applied on the infant skin and
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also the risk incurred whenever the infant comes into contact with external
objects, as is the case of marker-based capture systems and sensor-based ap-
proaches. This aspect is of major importance especially in this case, in which
infants have a very small accessible body surface area and a very sensitive skin.
Moreover, the use of depth data makes the system suitable to be used in an
indoor environment with poor lighting, as might be rooms in the NICU and it
allows the preservation of privacy, unlike RGB cameras. Future developments
may involve the use of new, more performing, structured-light sensors or of
time-of-flight (ToF) sensors that supply depth images of better quality and
are less affected by the presence of sunlight. In any way, experimental results
showed that the system can automatically measure preterm infant’s respiratory
rate and some movement indicators, activating an alarm signal when respira-
tory rate values go out of the physiological range or when the infant remains
stationary for a long time.

The infrastructure here created can provide the scalability necessary to sup-
port the adding of all medical devices that surround the neonatal crib for mon-
itoring, diagnosis and treatment of different diseases, which is the next target.
The idea is to obtain a single tailored display for each neonatal crib, where the
clinician can access all patient’s data, e.g., he can visualise his medical records,
all device data in real time, historical values, and where he can change device
settings and set up new vital signs or new alarm values.

Data availability and accessibility, guaranteed from the web interface through
Web services and ensured by strong authorization for only medical staff, facil-
itates the process of data delivery and visualisation.

In particular, a modular platform has been created, equipped with many
tools that allow to visualize the patient’s personal data, the data coming from
the instruments and therefore the historical values of the vital parameters mea-
sured by these instruments with user-friendly dashboards, graphs and tables.

NICU medical staff have remote access to the cloud database, both with
the PC within the ward and in a more innovative way with mobile devices
(smartphones and tablets) to view patient data, and have the ability to perform
a continuous backup of their data.

The DB is also made available for “transversal” interoperability with other
colleagues who need continuity of care for the same patient, such as, for exam-
ple, with colleagues from peripheral hospitals and family paediatricians in the
case of bilirubin, and for “vertical” interoperability with other databases and
NHS operators.

This is guaranteed by a maximum security of data, encrypted, and access,
controlled and strictly allowed only to those who have the necessary autho-
rizations and differentiated according to the figure of the personnel. The web-
platform, in fact, guarantees, subject to prior authorization, differentiated ac-
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cess to the data depending on the figure that makes the log-in. Also infants’
parents can access it with the possibility to view the infant’s clinical history
and the reports of the various tools. In the future, parents will not only be able
to view the infant’s medical record, but also to communicate with doctors and
carry out tele-consulting through the platform itself, actively participating in
the process of caring for their child.

The device integration in the infrastructure made also possible to elaborate
collected data in real time with specific algorithms to assist physicians with
clinical decision-making for improved healthcare in the view of Clinical Decision
Support Systems.

The decision-making algorithms developed within this work collect and use
data coming from the connected instruments, and therefore the values of the
various biomedical parameters and signals measured by these instruments such
as, heart rate, respiratory rate, TSB, TcB, movement indicators and so on,
as well as infant’s personal data and growth data, inserted in the appropriate
tools of the web-platform during the registration and hospitalization phase of
the infant from NICU personnel, and EMR data of the hospital ward. Then
they elaborate this set of data and bring out from it useful information to
monitor infants breathing and movement, to prescribe the recipes of bags for
parenteral nutrition, to provide follow-ups and to diagnose neonatal jaundice
as well as to decide a possible therapy to treat it.

6.2 Thesis contributions
The main contributions of this Thesis can be summarized as follows:

- Design and implementation of SINC cloud-based healthcare infrastruc-
ture that allows the developing and the deploying of the process automa-
tion of data collection, storage, processing and distribution through a
medical device network that uses cloud computing in the NICU of the
“Women’s and Children’s Hospital G.Salesi” in Ancona.

- Integration and interfacing with SINC cloud-based infrastructure of three
different type of instruments (patient monitors, bilirubinometers, and
transcutaneous bilirubinometers) located in the NICU, through med-
ical communication protocols used to enable the communication and
data transfer between these infant’s monitoring devices and the unique
database of the architecture.

- Development and interconnection with SINC infrastructure of a new de-
vice that is a novel non-contact and non-invasive RGB-D system that
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122

consists in an RGB-D camera and in an embedded board, where the al-
gorithms used to extract and analyse data from the depth images acquired

by the camera are run in real-time.

Design and development of an end-user web interface based on speci-
fications given by healthcare staff and medical guidelines, which works
as an application on Mobile Devices and Desktop Workstations, where
medical staff members can access all available information. The propose
web-platform exceeds the characteristics of a simple EMR, thanks to the
development of innovative clinical tools, each of which has particular
functionalities useful to make faster and easier physicians’ clinical daily
practice and to improve patient care:

- “Anagraphic Tool”
- “Growth Tool”

- “Nutrition Tool”

- “Bayley Tool”

- “Bilirubin Tool”

- “Respiration Tool”
- “Movement Tool”

Design and implementation of decision-making systems that, based on
clinical guidelines, on physicians’ expertise, on EMR data entered by
medical staff in the different SINC tools, on computer vision techniques
and on machine learning algorithms, are able to analyse and process
data extracted from different devices. They provide in output advices,
warnings, alarms, insights and important indicators, that can support
physicians in the prediction or diagnosis of diseases such as neonatal
jaundice or motor disabilities, or in the monitoring of physiological and
developmental parameters and problems, such as respiratory rate, growth

parameters and nutrition.

Design and implementation of several CNNs for semantic segmentation
of preterm infants’ silhouette from depth images. Four different types of
CNNs, i.e. U-Net, SegNet, FractalNet, and ResNet, have been trained
through a manually annotated dataset.

- Creation of two datasets:

- MIA dataset;
- PIDS dataset.



6.3 Future Works

6.3 Future Works

In the future, the possibility to share data and, especially, healthcare protocols,
here investigated, will play a key role in the regional distribution of Neonatal
Units.

In fact, the method used in this thesis work, based on a flexible and extensible
infrastructure, is appropriate for the creation of a network that will include all
the regional Neonatal Units and it will be used within SINC regional project.

The possibility of linking SINC DB to the regional ARCA-EMPI and the
fact that every medical report delivered from the platform tools can be sent
to the regional EHR shows that the work, described in this thesis, is focused
towards the direction of the creation of a single regional model.

In this way, the system will facilitate the function of tele-consultation be-
tween specialists, enabling more effective collaboration between the peripheral
structures and the central one, e.g., to better evaluate the conditions of a pa-
tient for which a transfer is requested or simply to unify healthcare protocols.

For example, it will facilitate the infant’s transfer between the different hos-
pitals, which can take place after having already made an initial analysis of
the patient’s vital signals by the reception peripheral centre, or vice versa,
facilitate the continuity of monitoring once the infant is transferred from the
central structure (“G. Salesi” Hospital) to a hospital closer to the residence of
the parents, ending there the last days of hospitalization.

Moreover, the sharing of care protocols in the regional distribution of neona-
tologies will allow the achievement of a standardization of care, obtaining an im-
portant improvement in the services offered to citizens and proposing through-
out the Region the same quality and efficiency that the NICU of “G. Salesi”
Hospital demonstrates by covering the first places at EU level.

The interdisciplinary approach, the updating in the field of research and clin-
ical research, the evolutionary perspective will provide those who work with
these infants with a fundamental reference model to design courses of care and
support for the development of the child and his family through a multidis-
ciplinary assistance that continues for several years after the discharge and
involves, in addition to neonatologists and psychologists, different professional
figures: the family paediatrician, the child neuropsychiatrist, the physiatrist,
the physiotherapist, the speech therapist and the educator.
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Table 3: U-Net3 Indexes results.
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