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Wearable devices as medical technologies are becoming an integral part of our lives.

Many research studies are dedicated to these devices and are mainly focused on

providing personal analytics, measuring physical status, and acquiring physiological

signals and parameters. These continuously evolving technologies play an important

role in telemedicine. Telemedicine can be broadly defined as the use of advanced

telecommunications technologies to support many medical activities, such as the

diagnosis, the analysis of patient data, the improvement of disease management and

the treatment in remote areas. In this article, we present ATTICUS (Ambient-intelligent

Tele-monitoring and Telemetry for Incepting and Catering over hUman Sustainability), an

innovative remote monitoring system for ambient-assisted living based on the analysis

of vital and behavioral parameters. The ATTICUS system consists of two essential

components: a smart wearable—in the form of a short singlet—made of innovative

textile which allows the acquisition of real-time body signals, e.g., electrocardiogram

(ECG), breathing wave, temperature, and a multi-level Decision Support System

(DSS), a distributed software which integrates advanced machine learning methods to

automatically detect anomalies. ATTICUS is capable of operating in different application

scenarios. Especially, the system will support in-home and out-home monitoring,

personal check-ups, and specialized check-ups. Thus, the system will positively impact

the canonical medical practices allowing simultaneous and continuous monitoring of a

large number of people.

Keywords: wearable devices, telemedicine, decision support system, machine learning, monitoring system

1. INTRODUCTION

Healthcare is one of the most important, yet expensive, services provided by any state. According
to Eurostat (2020), healthcare expenditures represent about 10% of the GDP of European states, on
average. Such expenditures reach 11.3% in Germany and France. Elderly people are the category
that mostly uses healthcare services, given the higher chance of requiring medical attention.
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In Italy, over 80% of non-self-sufficient people living at
home are over 65 (2.5M people) according to ISTAT, the Italian
National Institute of Statistics (ISTAT, 2014). It is estimated that
more than one-fifth of people aged 65 and over have serious
functional limitations to require personal assistance in their own
house (20.1%) or in residential facilities, such as nursing homes,
sheltered residences, and similar (1.7%) (ISTAT, 2019). Treating
elderly people and, in general, people with chronic diseases is
not trivial: hospitalization may be detrimental if not necessary
because it may expose such fragile people to possible infections. Yet,
sometimes it is one of the few options available.

Telemedicine was born to solve such kind of problems.
In general, telemedicine uses information and communication
technologies to improve patient health outcomes through remote
monitoring. The global market of telemedicine has grown fast
in the recent years: its estimated size was 45.5 billion dollars
in 2019 and the forecasts show that it will still grow (175.5
billion dollars) by 2026 (Mikulic, 2020). The main reason why
telemedicine acquires more and more attention is that it is
expected to significantly reduce the cost of health systems.

In this article, we present ATTICUS (Ambient-intelligent
Tele-monitoring and Telemetry for Incepting and Catering
over hUman Sustainability), an innovative telemedicine system.
ATTICUS uses the Internet of Things (IoT) devices and machine
learning to make telemedicine more effective and efficient. The
patients are simply required to wear a smart wearable device (S-
WEAR), i.e., a garment made with innovative fabrics (Balestrieri
et al., 2019). Such a garment is equipped with an electronic
device capable both of (i) acquiring data, and (ii) communicating
such data to a software system that allows monitoring the health
state of the patient. The S-WEAR device has several sensors
that allow acquiring the ECG, the respiratory behavior, the
temperature, and the galvanic skin response. Such signals allow
to automatically detect a broad range of conditions, including,
for example, congestive heart failure and sleep apnea.

The electronic device is constantly connected to the
smartphone of the patient, which works as a gateway. It collects
data via a Bluetooth Low-Energy (BLE) connection, and it
forwards them to an ambient intelligence device, the S-BOX.
The S-BOX device is installed at the patients’ home and it is
responsible for performing a first automated analysis of the data
acquired by the S-WEAR. When the S-BOX is not available
(e.g., the patient is not at home), the smartphone can replace it
through the MyATTICUS mobile app. Such a hybrid approach
allows saving the smartphone’s battery when the patient is at
home but still allows the patients to be constantly monitored in
outdoor scenarios.

If the S-BOX device or the MyATTICUS app detect
anomaly conditions, they promptly send anomaly reports to the
central monitoring software, which is responsible for ultimately
analyzing the data and confirming or rejecting the anomaly.
Finally, ATTICUS provides a monitoring center, a facility
in which several physicians both (i) proactively monitor the
patients, and (ii) react to anomalies detected by ATTICUS.

The ATTICUS system is characterized by an innovative three-
level Decision Support System (DSS) that constantly backs
the physicians and allows them to focus only on the most

relevant cases. The first level is installed in the electronic device
connected to the S-WEAR, which can automatically detect a
limited set of anomalies, e.g., the heart rate is too high. The
second level, represented by S-BOX/MyATTICUS, uses state-
of-the-art algorithms to detect a broader range of anomalies,
such as heat strokes or irregular heartbeat. Finally, the third
level, installed at the monitoring center, uses advanced machine-
learning techniques to decide if it is necessary to notify the
alarm to the physicians at the monitoring center. The results
achieved in a preliminary evaluation of the single detectors used
in ATTICUS DSS are very promising and indicate an overall very
high accuracy.

The ATTICUS system can have a positive impact on the
treatment of several medical conditions. In this article, we
show two examples of how such a system may be beneficial to
healthcare. First, we show how it can benefit the treatment of
Congestive Hearth Failures (CHF) through PDTAs (“Percorsi
Diagnostico Terapeutici Assistenziali,” i.e., Diagnostic and
Therapeutic Care Pathways); then, we report some possible
advancements that the ATTICUS system can imply on the home
care sector.

2. INTERNET OF MEDICAL THINGS
SYSTEMS

In the last decade, the investments and expectations of the
healthcare community have shifted more toward the early
diagnosis of diseases, the monitoring of the health status
and the general quality of life of patients rather than the
use of traditional medical treatments using molecules, drugs,
mechanics, prosthesis, and surgery (Lmberis and Dittmar, 2007).
Furthermore, healthcare providers are looking for cheaper and
more responsive ways of delivering services than through large
centralized institutions, e.g., hospitals, specialized healthcare
centers (Lmberis and Dittmar, 2007). In this scenario, the
Internet-of-Medical-Things (IoMT) paradigm plays a vital role,
thanks to the spread use of innovative technologies for smart
sensors, smart devices, advanced lightweight and energy effective
wireless communication interfaces, andwearable devices (Vishnu
et al., 2020).

Wearable devices are recognized as one of the most promising
platforms for the implementation of minimally intrusive and
individualized healthcare services (Lmberis and Dittmar, 2007).
Healthcare wearable devices range from the most popular fitness
trackers, e.g., Garmin, AppleWatch, MI Band, and so on, to
the more complicated devices, such as smart clothes (Huang
et al., 2019). These devices allow users to continuously monitor
physiological parameters and manage their health on a personal
basis, and/or doctors access to their health data for receiving
personalized medical care (Huang et al., 2019).

In the literature, several IoMT systems based on wearable
devices have been proposed (Di Rienzo et al., 2010; Trindade
et al., 2016; Wang et al., 2019; Balestrieri et al., 2020). Di Rienzo
et al. (2010) propose an IoMT system, called MagIC (“Maglietta
Interattiva Computerizzata”), consisting of a vest with embedded
an ECG lead sensor, a piezoresistive plethysmography sensor, and
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a data acquisition board with a Bluetooth transceiver. The data
acquisition board sends via Bluetooth the samples related to the
physiological signals to a local monitoring station, which consists
of a touchscreen-based Personal Computer (PC) and shows the
data to the user. The local monitoring station through an Internet
connection re-transmits the acquired information to a server.
The server stores the received data in a database and sends an e-
mail to the cardiologists with the recorded ECG and respiration
rate signals.

Another IoMT system for cardio-surveillance, based on a T-
shirt, has been proposed by Trindade et al. (2016). The cardio
surveillance T-shirt embeds: (i) a five-lead ECG sensor, (ii) a
microcontroller with the BLE interface, and (iii) an Electrically
Erasable Programmable Read-Only Memory (EEPROM) that
contains the microcontroller firmware. The microcontroller
acquires the data provided by the ECG sensor and stores them
on a buffer. When the buffer is full, the recorded samples are
sent to the smartphone via BLE interface. The acquired ECG
signals are processed by the smartphone application processor for
obtaining QRS and T-wave information. The acquired samples
and the obtained information are transmitted by the smartphone
to a healthcare center through an Internet connection.

With the spread use of IoMT systems, the pre-diagnosis
and diagnosis steps, which are usually manually performed
by specialized medical staff, are much complex and time-
consuming. For this reason, recently, several IoMT systems based
on wearable devices have been proposed to perform classification
and prediction of specific diseases.

For example, Wang et al. (2019) proposed a wearable device
connected to a Cloud platform that allows the automatic
classification of the ECG signals for the detection of an
arrhythmia. The system consists of three layers: (i) the sensing
patch layer consisting of a data acquisition system for the
monitoring of one lead ECG, with a BLE interface, (ii) the mobile
device that communicates with the sensing patch layer via BLE
and transmits the acquired data to the Cloud platform via 4G LTE
connection, and (iii) the Cloud platform that performs the ECG
classification and anomalies detection.

Even if the available technology is prone to be used on
the field, there are yet several challenges to be addressed for
improving the reliability and usability of these systems: (i) the
development of IoMT systems which fuse the data provided by
several sensors, e.g., inertial measurement unit, bio-impedance
sensor, ECG sensor, to improve the accuracy of the acquired
measurements, e.g., the automatic compensation of artifacts on
the ECG signals due to the user movements (David et al.,
2011a,b), (ii) the implementation of compression algorithms
that reduce the amount of the data transmitted among the
remote units of the distributed measurement system, and (iii)
the implementation of distributed Decision Support Systems
(DSSs), which process the data provided by the sensors related
to the physiological parameters and the user activities, and then
detect and classify anomalies for providing reliable alerts to the
specialized staff. The ATTICUS system tries to overcome, as
detailed in the next sections, all these limitations.

3. THE ATTICUS SYTEM

The objective of the ATTICUS project is the development of an
intelligent hardware/software system, able to constantly monitor
different users and to report any anomalies found. The anomalies
reported by the system concern both the state of health of
a patient detected through the measurement and automatic
analysis of vital parameters, and the habits of the patient detected
through the monitoring and analysis of the movements that the
patient makes while carrying out their normal activities.

The ATTICUS system consists of the following elements:

• a “smart wearable” device (S-WEAR), i.e., a wearable
garment made with innovative fabrics and integrated by a
data acquisition system able to measure the vital parameters
of the person, e.g., ECG, temperature, respiratory behavior,
galvanic skin response. The S-WEAR is also equipped with
an electronic device able to process and store the acquired
data locally, both in an indoor and in an outdoor scenario.
The acquired data is transmitted in real-time to the users’
smartphone: such a device works as a gateway and it
transmits—in case of need—all the relevant data to a home
station or a monitoring center through a wireless connection;

• a smartphone application (MyATTICUS) that represents
the gateway to which the electronic device of the S-WEAR
transmits the vital data. The data is sent to the S-BOX through
a background process of MyATTICUS, that is in charge
of forwarding the data. MyATTICUS also replaces the S-
BOX in case it is not available, e.g., the patient is outdoor.
Also, to provide the same functionalities offered by S-BOX,
MyATTICUS allows the user to visualize information on the
status of the S-WEAR, e.g., the battery charge status;

• an “ambient intelligence” (S-BOX) device, a home station
able to collect and store data coming from one or more S-
WEAR devices, analyzing them in real-time using artificial
intelligence algorithms. The objective of predictive analysis is
to detect any anomalies in the shortest possible time (“near
real-time” mode). When the S-BOX detects an anomaly, it is
promptly notified to a decision support system for subsequent
verification. In case of alarm confirmation, the system alerts
the rescue operations center through the monitoring software,
providing the signal traces—in real-time—of the sensors that
produced the anomaly. The data stored on the S-BOX will
be sent to the monitoring software even in the absence
of critical situations to obtain a historical analysis of the
monitored parameters;

• a monitoring center, a hardware/software apparatus through
which specialized operators receive the anomaly warnings
related to the patients and activate the rescue actions if needed;

• the monitoring software, which can be accessed by the
operators at the monitoring center, provides the necessary
support for effective and efficient management of any critical
situations identified through the continuous monitoring of
users. The monitoring software also gives the possibility
for authorized users to view the patient’s medical records
by accessing to hematological, instrumental, and follow-up
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examinations performed by the patient from the time of
enrollment onward;

• a decision support system (DSS), organized in three levels,
able to analyze monitoring data and to report on potential
critical situations (warning) or alarms through artificial
intelligence techniques. The three levels of DSS differ in terms
of knowledge base and predictive analysis performed. The level
1 DSS, installed directly on the electronic component of the
S-WEAR, can identify only abnormal situations that will be
sent to the level 2 DSS, installed either on the S-BOX of the
ATTICUS system or on the MyATTICUS app. The level 2
DSS, owning a wider knowledge of the physical characteristics
of the patient, can decide whether (i) to reject the warning
generated by the level 1 DSS and classify it as false positive; (ii)
to request the intervention of the level 3 DSS, installed at the
monitoring center, to confirm or reject the warning generated
by the level 1 DSS; (iii) to confirm the abnormal situation
and generate an alarm to be sent directly to the monitoring
software. The level 3 DSS, in possession of not only of “local”
knowledge, e.g., physical characteristics of the patient, but
also “global” knowledge, e.g., physical characteristics of all
patients, can reject or confirm the warnings generated (directly
or indirectly) by the lower level DSS, and report the presence
of any alarm to the monitoring software.

As designed, the ATTICUS system can operate in different
application scenarios (see Figure 1):

• in-home monitoring: S-WEAR detects the patient’s vital
parameters and traces the patient’s position, using indoor
localization techniques, and also recovers the patient’s posture
(lying, standing, walking, sitting). The measurement data
are sent in real-time to S-BOX for storage and preliminary
analysis, and, if necessary, it is forwarded to the monitoring
software, using the previously described procedure and the
multiple DSS levels;

• out-of-home monitoring: in the case of out-of-home
monitoring, S-WEAR measures the patient’s vital parameters
and tracks the position using the GPS satellite tracking
system. The data will then be stored locally and sent to
S-BOX once back home. S-WEAR and MyATTICUS can
analyze the monitored data, identify any abnormal situations
and report them directly to the level 3 DSS to request a
prompt intervention;

• personal check-up: for each patient, in addition to data
monitoring, it will be possible to populate an electronic
patient record that can be used in real-time through the
monitoring software. Information on the patient’s state
of health will be entered, such as laboratory analysis,
instrumental examinations and therapies.

• specialized check-up: a specialist physician and a monitoring
manager through the monitoring system will be able to view
any critical situations of each patient monitored or view the
patient’s medical records of the patient enrolled in ATTICUS.

3.1. The Wearable Device
Some of the devices that can make up an IoT (Internet of
Things) system are called wearable. Specifically, the phrase

“wearable computing” refers to electronic systems that are
directly integrated into garments and accessories to allow
constant monitoring of the acquired vitals. The system, typically,
consists of a Wearable Body Sensor Network (WBSN) based on
intelligent fabrics (Axisa et al., 2005).

There are two basic requirements for a wearable:

• comfort: the biomedical sensors integrated into a WBSN must
not be an obstacle for the user; specifically, it is desirable that
the sensors are (i) small in size, to reduce weight and (ii)
flexible, to adapt to the desired positions of the body for better
skin contact;

• reliability of measurements: measurements made must comply
with the accuracy requirements for subsequent processing and
anomaly detection;

• washability: it should be possible to wash the garment using a
washing machine.

One of the objectives of the ATTICUS project is to have a smart
wearable which can be seen by the user as a smart second skin.
With this definition, we refer to an article of clothing that can be
worn 24 h per day under the usual underwear. For this reason,
the wearable has to be very comfortable.

A recent study (Neves et al., 2017), which reports on
the best configuration of e-textile in terms of conductivity,
clearly indicates that the best performance is obtained when
coating insulating textile fibers with graphene. However, other
optimal configurations may be built using polyurethane and
Carbon Black (CB) as an insulating and conductive layer,
respectively. Based on this latter result and the presence of
Carbon Black in many smart wearable devices because of its high
stretchability (Seyedin et al., 2016), for the ATTICUS S-WEAR
we decided to design a wearable device made of Carbon Black
and polyurethane.

Another constraint that we had to face when designing the S-
WEAR was the universality of the clothing item. First, it had to
be the same wearable regardless of the user’s gender and size. As
a result, we designed a wearable that could fit every user thanks
to a Velcro-based mechanical system and a unique design. We
took in consideration three types of garment: t-shirt, band and
bustier. This latter was the most inspiring one because it could
be more easily adapted for our goal. The bustier prototype we
defined is inspired by the concept of a classic sports bodice but
adapted to be worn by both men and women, guaranteeing the
same functionality and quality of signal acquisition. The diversity
of the chest area between men and women does not allow to
use a prototype whose textile part covers the entire area. For
this reason, we proposed a bustier prototype in which the textile
surface affecting the chest area is limited to a line of fabric that
crosses its center. In this way, we also try to guarantee greater
contact stability of the sensors since it is well-known that the
electrodes V1 and V2 are not in stable contact with the skin
because of the body structure (Tada et al., 2015).

Once acquired, the signal needs to be transported to the

electronic unit attached to the wearable. To this aim, it is
necessary to insert a conductive channel between the electrode
and the terminal point, where the acquired signal must be
conveyed. As suggested by Tada et al. (2015), we decided to install
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FIGURE 1 | An overview of the ATTICUS system.

a snap button onto the textile electrode to allow the transport of
the acquired signals through common copper wires.

Figure 2 shows the preliminary prototype of the ATTICUS
S-WEAR; in a further version of the prototype, instead, the
wires will be covered with a dedicated fabric layer as reported in
Figure 3.

The adopted solution allows to completely remove the
electronic unit as well as all the related wires. This makes
the S-WEAR completely washable: it is sufficient to detach the
electronic device to wash the wearable since the snap button is
completely waterproof.

For what concerns the biomedical signal to be acquired,
S-WEAR allows real-time monitoring of the following
biomedical signals:

• multiple-lead ECG signals are acquired through the
precordial electrodes arranged in the intercostal areas V1,
V3, V5 with respect to the neutral (LL or RL). Also, other
recordings are acquired through the RA and LA electrodes
with respect to neutral (LL or RL). Further, leads are obtained
digitally, through the evaluation of differential available ECG
recordings;

• the body impedance, for the acquisition of the respiratory
signal is acquired through the R1 and R2 electrodes, which
will act both as current drivers and terminals to detect any
potential variations;

• the galvanic skin response is acquired through the use of a
sensor installed on the textile surface in contact with the back;

• the temperature is acquired through the use of a temperature
sensor installed on the textile surface in contact with the hip;

• the dynamics is acquired through an inertial sensor integrated
into the electronic component.

To allow these acquisitions, we chose an electrode configuration
shown on the left side of Figure 2.

3.2. The Electronic Component
In this section, the electronic component of the ATTICUS system
is presented. The architecture of ATTICUS data acquisition
module is depicted in Figure 4. The main system component
is a microcontroller which is responsible for: (i) On/Off state
of the power distribution network, (ii) battery state-of-charge
monitoring, (iii) data communication using wireless and wired
interfaces, (iv) local data storage on flash/SD memories, (v)
information acquisition from the available sensors, and (vi)
drive/acquire of the data from the analog front-end part of the
biosignals circuitry.

In the following, each subsystem component and its role in
ATTICUS data acquisition module is shortly described:

• microcontroller: is a System-on-Chip (SoC) based ARM
architecture from ST Microelectronics, the STM32WB55,
having incorporated the BLE wireless transmission interface.
The implemented firmware disposes of software routines to
drive and command all the peripherals of the ATTICUS data
acquisition module. The microcontroller implements several
software routines for ECG signal enhancement and also for
ECG signal compression (Picariello et al., 2021);

• Power Distribution Network (PDN): is a circuit responsible
with the voltage regulation [i.e., coming from a rechargeable
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FIGURE 2 | On the left, the design for the positions of the biomedical sensors for the ECG and respiration; on the right, the frontal view of the first prototype of the

ATTICUS S-WEAR.

Lithium Polymer (LiPo) battery] to the 3.3 and 1.8
Vcc, voltages required by the ATTICUS data acquisition
subsystems. Moreover, the PDN is also responsible to monitor
the state-of-charge or state-of-discharge of the LiPo battery.
The user can enable/disable the power delivery from the PDN
by driving the USER button. Themicrocontroller is driving the
PDN by I/O pins and it measures the battery voltage according
to the implemented firmware routines;

• micro USB communication: is a subsystem component
responsible with the wired data communication to a master
device (e.g., personal computer) and for LiPO battery
charging. For these tasks, the dedicate USB interface of the
microcontroller is used and the voltage rails of the micro USB
connector are linked to the PDN;

• LEDs: are three components having the red, green, and
blue colors, which are used to define the battery status
and the ATTICUS data acquisition module working state.
The states of LEDs, On/Off are driven by I/O lines from
the microcontroller;

• memories: are available for storage, with two options, the
FLASH based chip and the SD card. The ATTICUS firmware
can write on these memories various parameters regarding the
working state of the data acquisition module and the acquired
biosignals from the patient. The memories communicate with
the microcontroller using the SPI interface;

• temperature sensors: are used to measure the body
temperature of the monitored patient/user. There are
two types of temperature sensors, the TMP117 one which
has ±0.1◦C accurate digital temperature sensing, and the
LMT70 which is an analog one, featuring ±0.05◦C of sensing
accuracy. The analog signals supplied by these sensors are
acquired using the 12-bit ADC which is available on the

microcontroller. The TMP117 is sending its data to the
microcontroller through I2C interface;

• InertialMeasurementUnit (IMU) sensors: used in ATTICUS
are responsible to report the body’s specific force, angular
rate, and orientation, using a combination of accelerometers,
gyroscopes, and magnetometers. The evaluated chips are: (i)
the LSM6DS3 sensor, containing a triaxial accelerometer and
a triaxial gyroscope and the LIS3MDL triaxial magnetometer,
which communicates via I2C with the microcontroller, and
(ii) the BMX160 which is a 9-axis sensor that provides
precise acceleration and angular rate (gyroscopic) and
geomagnetic measurements;

• biosignals analog front-end circuitry: which is a dedicated
electronic circuit comprising multiple chips for biosignals
acquisition. For the ATTICUS data acquisition module, the
ECG and bioimpedance measurements are performed by
using the Maxim Integrated chips technology. Thus, the
MAX30000 family disposes of ultra-low power consumption,
single-channel integrated biopotential chips [e.g., MAX30001
for ECG and Bio-Impedance (BioZ) analog front-end and
MAX30003 for ECG analog front-end]. According to the
ATTICUS data acquisition module reported in Figure 4, one
MAX30001 and five MAX30003 chips were used to develop
a custom analog front-end circuitry which communicates
via SPI interface with the microcontroller unit to deliver
the ECG and BioZ signals. To obtain a respiration wave
directly from thoracic expansion/contraction, a piezoresistive
belt sensor type was chosen to be integrated into ATTICUS
data acquisition module. This belt delivers an analog signal
which varies in time according to the respiration rate of
the monitored subject. Before be delivered the signal to the
ADC of the microcontroller, an analog signal processing for
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FIGURE 3 | The coupling between conductive and insulating materials designed for the ATTICUS S-WEAR: (1) the bottom insulation layer, (2) the male snap button

immersed into the CB-based electrode, (3) the female snap button linked by a common wire to the terminal for the electronic unit. The wire is covered by

insulating material.

enhancement of its features is performed by an analog front-
end circuitry.

A preliminary Printed Circuit Board (PCB) was developed for the
ATTICUS data acquisition module. In Figure 5, an overview of
the top and bottom layers of the developed PCB are depicted.

3.3. The Monitoring Software
In this section, we describe the monitoring software, the main
tool that physicians at the monitoring center use to take care of
the patients. The users of such system are the following:

• Administrator: is the person who manages the monitoring
center, i.e., the user accounts and the warehouse of the
monitoring kits;

• Monitoring Manager: has the same roles as the Specialist
Doctor but she is also the only user who can enrol the patient
in ATTICUS;

• Specialist Doctor: is the figure who can interact with the
Assisted person both directly and through the monitoring
software for the management of dangerous situations and
not only. She must have the necessary skills to manage
abnormal situations raised by the ATTICUS system. After
accurately visualizing the patient’s clinical conditions (e.g.,
ECG, breathing, vital parameters), she decides whether to
confirm or cancel a received alarm. Also, she will be able
to view and update the patient’s medical records, follow
up, add and/or modify instrumental and hematochemical
examinations and, if necessary, modify and/or add a therapy
assigned to the patient. The ATTICUS system will allow the
practitioner to view real-time monitoring of the patient even if
no alarm has been generated;

• Nurse (or Healthcare Operator): is the actor who will follow
the patient during the home care phase. For each patient,
the healthcare worker will be able to compile a report on the
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FIGURE 4 | The architecture of ATTICUS data acquisition module.

patient’s health conditions during the periodic home visit and
will be able to view and add any hematochemical, instrumental
examinations performed by the patient. This information will
enrich the patient’s medical records and can be accessed not
only by the health care worker who compiled the report but
also by the specialist doctor and the monitoring manager
assigned to the patient;

• Caregiver: is the person who supports a patient during the
monitoring phase and helps them using the system correctly.
Specifically, a caregiver can be either a family member of the
patient or a nurse.

It is worth noting that the patient, i.e., the person who wears
the S-WEAR device and is enrolled in the ATTICUS program,
who is a key figure of the ATTICUS system, is not a user of the
monitoring software, i.e., they do not directly interact with it.

Some of the main functionalities provided by the monitoring
software are:

• warning and alarm management: the monitoring system
provides a service for receiving and storing any alarms and

warnings sent by monitoring devices (S-WEAR, S-BOX, and
MyATTICUS). The monitoring system periodically checks for
new alarms and warnings received so that it can notify the
physician or monitoring manager when there are alarms to
be handled;

• setting-up monitoring in alarm condition: after an
alarm is notified and managed by the specialist physician
or by the monitoring manager, the monitoring system
shows to the latter the vital parameters monitored in
real-time, including the geolocation of the patient. The
enabled user can then discard or confirm the alarm;
in the latter case, after confirming the alarm, the user
can request the interruption of the data stream at
any time;

• real-time monitoring request: the specialist doctors may use
the monitoring system to require the activation of real-time
data monitoring of a patient for whom it wishes to receive
information (see Figure 6). In this case, the user cannot
geolocalize the patient. The functionality has both the purpose
of verifying the correct functioning of monitoring devices
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FIGURE 5 | The first PCB evaluation board developed for ATTICUS data acquisition module: (A) the top side of the PCB, and (B) the bottom side of the PCB.

(prevention of malfunctions) and the possibility to verify the
health status of a patient;

• monitoring kit management: the monitoring system gives
to the Administrator the possibility to (i) insert a new
monitoring kit, (ii) replace a monitoring kit, (iii) view the list
of monitoring kits present and, from the latter, provide the
operations ofmonitoring kit detail, (iv) modifymonitoring kit,
and (v) delete monitoring kit;

• home assistance: the monitoring system gives the possibility
to the caregivers and to the nurses tomanage the home care for
the only patients for whom such an intervention is required.
In this section of the system, the authorized user can fill in a
new form, according to the home care assigned to the patient,
or load hematochemical and instrumental examinations of a
single patient.

3.4. The Decision Support System
This section describes the Decision Support System (DSS)
distributed across the several layers of ATTICUS system. This
is the component in charge of automatically analyzing the vitals
and generating anomaly reports to the operator of themonitoring
center. As already reported, the DSS is divided in level 1, installed
on the S-WEAR, level 2, installed on the S-BOX/MyATTICUS
app, and level 3, installed in the monitoring center.

The decision support system that is part of the monitoring
center (DSS level 3) receives the information of the patients
in case of possible anomalies and, through advanced automatic
learning algorithms, verifies if a critical situation is present or not.
The data received from the level 3 DSS can come from either the
level 2 or the level 1 DSSs if they find any anomalies and raise
a warning.

The ATTICUS components will have a different interaction
depending on the usage scenario. Especially, we distinguish two

scenarios: in-home monitoring and out-of-home monitoring.
In the case of indoor monitoring, direct interaction will occur
between S-WEAR and S-BOX. In detail, when the level 1 DSS
(S-WEAR) identifies potential anomalous situations, it will send
data to the level 2 DSS (S-BOX) which, in turn, will be able
to analyze the data in real-time and send all the necessary
information to the level 3 DSS. If the level 2 DSS is confident
enough of the detection, it can send a confirmed anomaly (alarm)
directly to the monitoring system, bypassing the level 3 DSS. The
S-BOX will store all data received from MyATTICUS to have a
history of the patient’s data for possible analysis on themonitored
parameters, as well as giving the possibility to the specialist
physician and the monitoring manager to consult the data.

In the case of outdoor monitoring, the S-BOX will not be

available. In this case, the MyATTICUS app will replace such
a device and will perform all the anomaly analyses directly on

the smartphone, which is more than capable of achieving this
goal. If a possible anomaly is detected from the monitoring data,
MyATTICUS will communicate with the DSS Level 3 or directly
with the monitoring system in case of alarms, similarly to the S-
BOX device. When the user returns home and can communicate
with the S-BOX again, the data saved on the smartphone will be
transferred to the S-BOX.

In ATTICUS, the exchange of data mainly depends on
whether or not there are any anomalies. Under normal
conditions, real-time data will be only stored on the smartphone
or the S-BOX. Such devices will, in turn, send summary
data to the monitoring software system every hour. Such
summaries will include aggregate data about the patient’s
vitals. In alarm situations, instead, a data streaming process
will start and real-time data will be sent to the level 3
DSS (in case of warning) or the monitoring system (in case
of alarm).
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FIGURE 6 | The real-time monitoring feature of the monitoring software.

To overcome any communication problems between S-
WEAR and intermediate devices (S-BOX and smartphones), the
S-WEAR will be equipped with a GSMmodule that will take care
of direct communication via a data connection with the level 3
DSS in case of emergency.

When an alarm arrives at the operators at the monitoring
center, its status can become either “canceled” or “confirmed,”
depending on the feedback from the medical specialist or the
monitoring manager. The preliminary analyses performed at
level 1 and level 2 DSSs reduce the amount of data to be sent
to level 3 DSS. Moreover, they allow to avoid (i) the presence of
a single point of failure and (ii) the overload of the level 3 DSS.
In the first case, if the level 3 DSS is offline for a while, medical
specialists would have many anomaly warnings to analyze and
many false positives could prevent them from analyzing the
actual major anomalies; in the second case, there could be a
possible delay in the confirmation of the alarm which could,
in turn, be fatal for some types of anomalies. A scheme that
summarizes the above interactions is depicted in Figure 7.

Depending on the type of vitals, the distributed DSS
implemented in the ATTICUS system has been designed for
detecting several anomalies. We describe below all the anomalies
that the ATTICUS system can detect based on the signals taken
into account.

3.4.1. ECG Monitoring
Although there has been a substantial reduction in cardiovascular
mortality over the past 40–50 years, the most common cause
of natural death in developed nations remain cardiovascular
diseases (Huikuri et al., 2001). Arrhythmia, for example, is a
disorder that affects the regularity of the heart rhythm, by
observing too fast or too slow rhythm. Arrhythmia can be

categorized into two types: atrial and ventricular. The latter may
be particularly dangerous: Without continuous monitoring and
the right attention, ventricular arrhythmia can lead to sudden
cardiac arrest (Elhaj et al., 2016).

Atrial Fibrillation (AF) is another example of very common
and dangerous arrhythmia that affects millions of people
worldwide (Ball et al., 2013). The numbers say that in the United
Kingdom, in 1995, nearly 534,000 people contracted the disease
(Stewart et al., 2004). In 2010, the estimated number of men
and women suffering from atrial fibrillation worldwide was 20.9
and 12.6 million, respectively. Also, the incidence was higher in
developed countries, such as Europe and the United States. It
is expected that—by 2030—the number of AF patients will be
between 14 and 17million in Europe alone (Kirchhof et al., 2016).
Another important factor is that this condition is very expensive:
in fact, the direct cost of healthcare for AF patients was about
655 million in 2000, equal to 0.97% of the total expenditure of
the UK National Health System (Stewart et al., 2004); in the
United States it has been estimated that the medical cost caused
by AF is 26 billion per year (January et al., 2014). Most of the
cost of healthcare for AF patients is due to hospitalization and
home care. Also, some analyses indicate that the prevalence of
the disease is expected to more than double in the next 50 years,
along with the ageing population (Misayaka et al., 2006).

Ventricular tachycardia (VT) is another critical cardiovascular
diseases that occur more frequently in the context of a
structurally abnormal heart (Sirichand et al., 2017). It is not
said, however, that ventricular arrhythmias can also occur in
individuals who do not have any apparent heart disease, with
abnormal structure. These cases are called idiopathic VT cases
and represent 10% of all VT diagnoses (Brooks and Burgess,
1988). Sirichand et al. (2017) showed that the overall incidence
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FIGURE 7 | A scheme that resumes all the possible interactions between the three levels of DSS.

of idiopathic VT, by age and gender, among people aged 18 years
and older is 51.9 per 100,000. This rate is however lower than the
incidence of atrial fibrillation and other common cardiovascular
disorders, including myocardial infarction (Roger et al., 2002)
and heart failure (Gerber et al., 2015). Unlike the latter two,
however, the incidence of idiopathic VT seems to be increasing
and may vary depending on age group and gender (Sirichand
et al., 2017).

Numerous disorders—functional and structural—can weaken
the ventricles and the fraction of blood expelled. These
conditions can lead to heart failure (Holzapfel and Ogden, 2014).
Worldwide, nearly 26 million people suffer from congestive heart
failure (Ponikowski et al., 2014).

While the ECG signal can allow detecting several types of
anomalies, in the ATTICUS system we focused the attention
on the automatic detection of bradycardia, tachycardia, atrial
fibrillation (AF), ventricular tachycardia (VT), ventricular
extrasystole (VE). Also, we have designed automatic algorithms
for the detection of ST-segment depression and elevation, bundle
branch block (BBB), Atrial Premature Beats (APB), Premature
Ventricular Contractions (PVC), and Congestive Heart Failure
(CHF). Table 1 describes all the automatic methods expected to
be embedded in the final version of the DSS of ATTICUS.

The Bradycardia and Tachycardia detectors are based on
a heuristic to be evaluated with respect to the monitored
heart rate, while for the identification of ST anomalies we
implemented an approach based on machine learning technique.
The proposed approach preposed the ECG according to the
guidelines provided by Maglaveras et al. (1998) and extract
features for the classification in ST anomaly or normal rhythm
using ECG features also exploited in related work (Zhao and
Zhang, 2005; Leonarduzzi et al., 2010; Li and Zhou, 2016).

Also for the detection of congestive heart failure and
arrhythmia conditions we implemented specific approaches
based on machine learning techniques that exploit features
extracted from the ECG. For instance, for the detection
of arrhythmia conditions we extracted from the ECG the
following features: (i) energy of maximal overlap discrete wavelet
transform, (ii) Autoregressive Model, (iii) Multifractal Wavelet
leader, (iv) Fast Fourier Transform, and (v) statistical RR interval
descriptors (Rosa et al., 2021).

For what concerns the detection of Atrial Fibrillation,
we designed an approach aims at simulating as much as
possible the doctor behavior during the detection of AF
episodes (Laudato et al., 2021b). Especially, the proposed
approach first analyzes the morphology of the heartbeat
to identify the absence of p-wave and then confirms the
anomaly by checking the presence of an arrhythmia.
The components involved in the algorithm are two: one
integrating a LSTM Recurrent Neural Network (RNN) for
the morphological analysis and the second integrating an
entropy-based heuristic for the rhythm analyzer (Laudato et al.,
2021b).

As for the automatic detection of Ventricular Tachycardia,
we integrated into ATTICUS the approach proposed by
Mohammad-Taheri et al. (2016). The rationale behind this
method is to be found in the morphologic nature of a Ventricular
Tachycardia episode, which exhibits sudden and close sign
changes in the electrocardiographic signal. The slopes of the
ECG signal are small in value and vary uniformly as the signal
progresses over time, except for QRS complexes where an abrupt
change is observed. However, there are many signal variations
in VT episodes and their slopes change permanently over time.
This suggests the use of slopes as a discriminative feature for
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TABLE 1 | Approaches integrated in ATTICUS for the detection of hearth-related anomalies.

Condition Description State

Bradycardia Deterministic model based on heuristics w.r.t. heart rate Implemented

Tachycardia Deterministic model based on heuristics w.r.t. heart rate Implemented

ST anomaly Machine learning model based on the morphological characterization of heartbeat signals Experimented

Congestive Heart Failure Machine learning model based on the morphological characterization of a 15 s segment of ECG signal Validated

Arrhythmia Conditions Machine learning model based on the morphological characterization of heartbeat signals Rosa et al., 2021 Validated

Atrial Fibrillation A combination of a deep learning model based on the morphological characterization of heartbeat signals

and a deterministic model based on heuristics w.r.t. heart rate Laudato et al., 2021b

Validated

Ventricular Tachycardia Deterministic model based on heuristics w.r.t. the slopes in a 8 s windowed segment of ECG signal Validated

cardiac arrhythmia detection. In ATTICUS we empirically fine-
tuned the number of slopes that provide the best overall accuracy
of the method.

3.4.2. Breathing Monitoring
As for the monitoring of the respiratory activity, the ATTICUS
system supports both the identification of tachypneas
and bradypneas.

Particular attention is given to the identification of
Obstructive Sleep Apnea (OSA), a common medical condition
characterized by an abnormal collapse of the pharyngeal airways
during sleep, which causes repeated awakenings from sleep.
A key feature of OSA is that patients make persistent efforts
against the occluded upper airway to breathing. Efforts that
contribute substantially to disturbed sleep. OSA manifests
itself clinically through severe snoring, breathing pauses and
excessive daytime sleepiness. OSA is associated with a wide range
of health consequences (Redline and Strohl, 1998), the most
common of which is excessive daytime sleepiness, which can
be mild or severe enough to interfere with work. Also, OSA is
associated with cognitive abnormalities (Engleman and Douglas,
1993; Engleman et al., 2000) and emotional disorders, such as
depression (Day et al., 1999). OSA also appears to be associated
with increasedmorbidity andmortality. He et al. (1988) observed
that about 40% of patients with severe OSA died within 8 years
of diagnosis.

Table 2 summaries the characteristics of the
detectors integrated into ATTICUS for the detection of
breath-related anomalies.

3.4.3. Inertial and Geographical Signals
As part of themonitoring of the patient’s dynamics, the ATTICUS
system provides support for the identification of falls and the
tracking of the individual’s position. According to the World
Health Organization (WHO), falls are the second leading cause
of death from accidental or involuntary injuries worldwide, after
road accidents. The WHO official data state that every year,
globally, more than 600,000 individuals die from falls and about
37 million falls are severe enough to require medical attention.
Also, more than 80% of fall-related deaths occur in low and
middle-income countries1, while in all regions of the world,
mortality rates are higher among adults over 60 years of age and

1https://www.who.int/en/news-room/fact-sheets/detail/falls

more than a third of elderly people fall once or more a year
(Noury, 2002; Heinrich et al., 2010).

Table 3 reports on the detectors aimed at identifying inertial-
and geographical-based anomalies.

3.4.4. Temperature Monitoring
About temperature monitoring, in addition to the identification
of febrile states, the ATTICUS system provides support for
the identification of so-called heat stroke. Heatstroke is the
result of a “failure” of the thermoregulation mechanisms to
meet heat stress, which can lead to a rise in body temperature
causing dysfunction and damage to organs (Hifumi et al., 2018).
Risk factors in healthy subjects include environmental factors,
salt and water depletion, infection, fever after immunization,
lack of acclimatization, obesity, fatigue, and consumption of
drugs that suppress sweating (Bezruchka, 2017). Among the
individuals most affected by heatstroke are young and elderly,
due to relatively poor temperature regulation in such individuals,
especially during heatwaves. The mortality rate of heat stroke
is variable and depends on the timing of a-posterior treatment
of the disease. When treatment is rapid and effectively reduces
internal temperature, mortality in young and healthy patients
is minimal. In the context of effective delayed treatment and
significant comorbidity, mortality can reach 70% (da Silva and
Frontera, 2017).

Table 4 reports on the detectors aimed at identifying body
temperature-based anomalies.

3.4.5. Epidermic Monitoring
Epidermal monitoring in ATTICUS is exploited to offer an
estimate of the patient’s stress. The stress detector of ATTICUS
implements an approach based on Galvanic Skin Response (GSR)
proposed by Koldijk et al. (2016). GSR is considered, in fact,
one of the best predictors for this condition. Stress is how the
human body responds to any kind of question or threat, releasing
specific stress hormones, including adrenaline and cortisol,
which awaken the body to “face” an emergency action (Alić et al.,
2016). Among the tangible responses, which the body can put
into action, there is a more accelerated heartbeat, contracting
muscles, increased blood pressure, accelerated breathing and
senses that become more acute (Smith et al., 2013). Among the
physiological parameters that can be used for stress detection
are: GSR, heart rate and respiratory rate (Monajati et al., 2012).
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TABLE 2 | Approaches integrated in ATTICUS for the detection of breath-related anomalies.

Condition Description State

Bradypnea Based on a heuristics w.r.t. the respiration rate. Implemented

Tachypnea Based on a heuristics w.r.t. the respiration rate. Implemented

Obstructive Sleep Apnea Based on a heuristics w.r.t. the respiration rate. Implemented

TABLE 3 | Approaches integrated in ATTICUS for the detection of inertial- and geographical-related anomalies.

Condition Description State

Fall Detection Heuristics w.r.t. the gravity acceleration and human pose. Implemented

Out-of-Home Monitoring Mobile app tracking the user with the support of a risky map. Implemented

Human Activity Recognition Based on a LSTM NN for the classification of Human Activities Implemented

TABLE 4 | Approaches integrated in ATTICUS for the detection of temperature-related anomalies.

Condition Description State

Temperature Simple heuristics evaluated with respect to the temperature detected. Implemented

Heat stroke Rule-based detector according to the temperature and the HR. Implemented

The common experience of feeling “stressed” mainly refers to a
scenario in which the variation of some of the key systems of
the human body occurs. For example, under stress conditions, an
increase in cortisol, sympathetic activity and pro-inflammatory
cytokines but also a decline in parasympathetic activity can
be observed. Sleep deprivation is a frequent result of being
“stressed.” This produces an allostatic overload that can have
deleterious consequences (McEwen, 2006, 2007). The effects of
this condition include elevated evening cortisol, insulin and
blood glucose, high blood pressure, reduced parasympathetic
activity and high levels of pro-inflammatory cytokines, as well as
the intestinal hormone which increases appetite (McEwen, 2008).

3.4.6. Behavioral Monitoring
Knowing the habits of the users is an important factor to predict
anomalous situations that occurred beyond the vitals monitored.
To understand this importance, let us consider the following
scenario. Vincent uses ATTICUS. One day, after taking a shower
(without wearing the smart wearable), he slips in the tub and hits
his head. The S-BOX, detecting the anomaly due to too much
time spent in the shower (i.e., without the S-WEAR) sends a
report to the operations center, which acts accordingly.

The DSS of ATTICUS embeds algorithms able to detect
the following anomalies in the patients’ habits, that we also
summarize in Table 5:

• Removed wearable: If the patient does not wear the device for a
long period, while in the past he/she never did this, the DSS can
warn the physicians. The fact that the wearable is removed is
sensed directly by the electronic component. Indeed, the ECG
sensor we decided to integrate allows to keep track of the lead-
off event, i.e., the case in which a specific textile sensor is not
in contact to the body. When this condition is verified for all
the electrodes, the wearable is considered as removed.

• Awake in anomalous periods: The DSS can detect cases in
which the patient awakes during hours in which he/she is
usually sleeping (e.g., during the night), possibly because
he/she is feeling sick. To automatically detect the sleep of
an ATTICUS user, we use an algorithm based on the work
proposed by Palotti et al. (2019).

• Outdoor in anomalous periods and/or locations: The DSS
detects if the patient is not at home at anomalous hours (e.g.,
during the night) or for anomalously long periods. This can
help to detect cases in which, for example, elderly patients with
dementia get lost. Also, thanks to a risky map2 ATTICUS can
detect whether the monitored person is in a risky area that
he/she usually does not frequent.

4. ACCURACY OF THE DSS

The ATTICUS system is currently under experimentation.
However, we already validated some of the approaches we
use in the ATTICUS DSS using the datasets available in the
literature. We report in this section the experiments conducted
for the detection of Atrial Fibrillation, Ventricular Tachycardia,
Congestive Heart Failure, and four types of Arrhythmia
conditions. Table 6 summaries the accuracy achieved by the
different detectors.

4.1. Automatic Detection of Atrial
Fibrillation
The AF detector of ATTICUS (Laudato et al., 2021b) has
been validated on two well-known public data sets: the
Atrial Fibrillation and the Normal Sinus Rhythm Databases
(Goldberger et al., 2000). We have considered the following basic

2A map reporting risky areas, such as railroad tracks, ravines, riverbanks, or lakes.
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TABLE 5 | Approaches integrated in ATTICUS for the detection of behavior-related anomalies.

Condition Description State

Removed wearable The patient is not wearing the S-WEAR for an anomalous amount of time, according to previous observations. Implemented

Awake state The patient is awake in an anomalous period of the day, according to previous observations. Implemented

Outdoor state The patient is outdoor in an anomalous period of the day and/or locations, according to a risky map and previous observations. Implemented

TABLE 6 | Experimental results of the detectors fully validated in ATTICUS.

Condition Dataset Accuracy (%)

Atrial Fibrillation MIT-BIH AF Databasea Goldberger et al., 2000 90

Ventricular Tachycardia Physionet (CUDB, VFDB, MITDB)b 97

Arrhythmia MIT-BIH Arrhythmia Databasec Goldberger et al., 2000 99

Congestive Heart Failure Physionetd 98

a https://physionet.org/content/afdb/1.0.0/.
b See https://physionet.org/content/cudb/1.0.0/. https://archive.physionet.org/physiobank/database/vfdb/, and https://archive.physionet.org/physiobank/database/mitdb/.
c https://archive.physionet.org/physiobank/database/mitdb/.
d We used the data available in the Matlab guide.

classification metrics: True Positives (TP) for the beats labeled
as AF and classified as AF, False Positives (FP) for the beats
labeled as no-AF and classified as AF, True Negatives (TN) for
the beats labeled as no-AF and classified as no-AF and False
Negatives (FN) for the beats labeled as AF and classified as no-
AF. We also analyze the results in terms of sensitivity, specificity,
and accuracy, three widely used metrics for evaluating the
classification effectiveness. We compared the proposed approach
with two very accurate baselines: the approach proposed by
Zhou et al. (2015), which focused on only RRI (RR Intervals)
analysis, and MORPHYTHM (Laudato et al., 2020a), which uses
a combination of morphological and rhythmic information. The
results are expressed according to clusters of people, with a
common ECG morphology (Laudato et al., 2021b). For Cluster
1, the ATTICUS detector outperforms both the baselines, by
keeping a comparable specificity and better sensitivity and
accuracy. For Cluster 2, instead, the ATTICUS detector provides
significantly higher sensitivity with slightly lower specificity and
accuracy, while for Cluster 3 the ATTICUS detector presents a
significant loss, mostly in terms of sensitivity and accuracy. This
difference in classification accuracy could be due to the nature of
the ATTICUS detector: themorphological analyzermight be very
suited for the recordings acquired from the patients in cluster 1.

4.2. Automatic Detection of Ventricular
Tachycardia
The experimentation for the detection of Ventricular Tachycardia
(VT) was carried out using the Physionet databases. ECGs
with normal sinus rhythms were extracted from the MIT-
BIH Normal Sinus Rhythm database, while ECGs with
ventricular tachycardia rhythms were extracted from the
following databases: (i) MIT-BIH arrhythmia database, (ii) MIT-
BIH malignant ventricular arrhythmia, and (iii) CU ventricular
tachyarrhythmia (Goldberger et al., 2000). All rhythms longer
than 8 s, annotated as ventricular tachycardia, were selected,
yielding a total of 16 patients, 380 8-s windows for a total of

3,040 s of ECG. To balance the dataset, 21 random 8-s windows
were selected for all patients within the MIT-BIH Normal Sinus
Rhythm database to obtain a total of 378 windows for a total of
3,024 s of ECG, and thus have a fair division of the data set. To
keep a patient-independent validation scheme, we experimented
the algorithm by using a leave one person out cross-validation.
Also, for the identification of the best threshold for the number of
slopes, we experimented 250 possible values. From this analysis,
we noted that the threshold that optimally discriminates normal
rhythms from ventricular tachycardia rhythms turns out to be
91. By experimenting the value 91 as threshold, we obtained
96.9% of Sensitivity, 97.8% of Specificity, and 97.3% of Accuracy.
With respect to the threshold used in the original paper by
Mohammad-Taheri et al. (2016), we obtained an improvement
of 0.8% in terms of accuracy (96.5 vs. 97.3%).

4.3. Automatic Detection of Arrhythmia
Conditions
The experimentation of this detector was conducted using
the MIT-BIH arrhythmia (Goldberger et al., 2000), a state-
of-the-art database commonly used as a reference dataset
for arrhythmia identification in literature. It is composed of
48 ECG ambulatory recordings, where cardiologists provided
annotations at heartbeat level. This procedure generated about
110,000 labeled digital signals. The recordings with paced beats
were omitted from the analysis according to a consolidated
protocol on this database (Xu et al., 2018). The experiment
was therefore performed on the remaining 44 recordings. Five
types of beat annotations were taken into account: normal beats,
left and right bundle branch blocks, atrial premature beats, and
premature ventricular contractions. Considering the average of
the overall metrics, the detector of arrhythmia outperforms the
state of the art baseline method (Pandey and Janghel, 2020)
in terms of sensitivity, specificity, precision, and F1 score. In
particular—with regards to the sensitivity and F1 score—the
improvement is >2 and 1%, respectively.
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4.4. Automatic Detection of Congestive
Heart Failure
The congestive heart failure (CHF) detector of ATTICUS
has experimented on a database containing 16,524 ECG
segments: 3,060 segments contained congestive heart failure,
9,792 contained arrhythmia conditions, and 3,672 were normal.
Before proceeding to the training of a model, we carried out
an analysis of the features to select only the most informative
ones. To this end, we first eliminated the features that correlated
>0.9 with at least another feature. As a further features analysis
step, we selected features according to importance weights using
a tree classifier as an estimator. The importance of the features
is calculated as the contribution of a feature to maximize the
division criterion used by the algorithm, also defined as the
minimization of the impurity of the child nodes, i.e., the Gini
impurity (Breiman et al., 1984).

This procedure resulted in a dataset consisting of a subset of
52 descriptors compared to the initial generation. The accuracy
of the proposed approach was studied under varying application
of:

• An instance sampling technique between SMOTE (Chawla
et al., 2002) (which mainly creates an oversampling of the
minority class by generating synthetic examples) and Tomek’s
links (Tomek et al., 1976).

• Several machine learning models, including Random Forest
(Ho, 1998) and Multi-layer Perceptron

• A standardization technique, depending on the type of
classifier used. For example, we used standardization with
Support Vector Machine and min-max scaling with Random
Forest (Pal and Mitra, 1992).

The best results were obtained with ECG segments 15 s long,
applying SMOTE, normalizing the data through the min-max
scaler, and choosing a Random Forest model. The classification
results have shown high effectiveness for the CHF class, with
93% precision and 98% recall. The overall accuracy of the model
obtained is equal to 98%.

5. THE IMPACT OF THE ATTICUS SYSTEM

We focus on the two areas from which the ATTICUS system
will most likely benefit the most, i.e., the treatment of congestive
heart failure in the Italian health system through the so-called
PDTAs (“Percorsi Diagnostico Terapeutici Assistenziali,” i.e.,
Diagnostic and Therapeutic Care Pathways), and the home care
for elderly people.

5.1. Support to the PDTAs
The Congestive Heart Failure (CHF) is a chronic disease with
a significant clinical impact: in Italy, about 600K people are
currently diagnosed with CHF and it is estimated that about 0.3–
2% of the population suffer from it. CHF is the second death
cause in Italy, mostly because of the relatively high mortality,
ranging between 19 and 30%, depending on the health condition
of the patient: this means that the survival rate is lower than

myocardial infarction and even of some kinds of malignancies
(Maggioni et al., 2014).

The PDTAs were introduced to handle CHF and other similar
conditions with an approach that requires the involvement of
hospitals only for the acute phases to reduce the costs and
improve the quality of the treatment for the patients that require
immediate attention. For example, PDTAs could provide that,
when the patient’s condition is stable, she should be under the
outpatient care of a Chronic Care Model team.

According to the data provided by the Italian Ministry of
Health in 2010, the Molise region (the second smallest region in
Italy) had the highest hospitalization rate in Italy for the elder
people (between 65 and 84 years old), with 8.1 hospitalizations
per 1,000 inhabitants: this means that such a region had the
highest cost per inhabitant for the National Health System. Such
a cost is about the triple compared to the best performing region
(i.e., Valle d’Aosta). This is particularly unfavourable since the
ageing of the population will most likely make this problem even
more relevant shortly. There is a big room for improvement,
mostly in the Molise region, for the implementation of PDTAs.

The ATTICUS system could be of paramount importance for
achieving this goal. ATTICUS can be used for patients affected
by CHF in their stable state: the system could constantly monitor
the disease and rapidly alert the physicians when anomaly
situations are met. Using the ATTICUS system would increase
the confidence of physicians in avoiding hospitalization when
not necessary, i.e., in their acute phases. Also, the collateral
effect would be increased effectiveness of the treatment: when a
patient has an unexpected acute phase when he/she is at home
(i.e., during a presumed stable phase), the probability of rescue
would increase drastically. The system, indeed, would be able
to promptly notify the physicians, who would, in turn, call an
ambulance on behalf of the patient.

5.2. Support to the Home Care
According to some estimates, in 2030 there will be 8 million
elderly people with at least one serious chronic disease in Italy.
Such a large slice of the population is also the most prone to
require medical attention. While hospitalization is an option,
most of the times it is not an ideal one if it is not strictly
required. Also, when patients suffer from chronic diseases, the
option is not viable at all since it would result in an overloading
of health facilities.

The concept of home care is based on the need to avoid such
a scenario. People in need of care, when possible, no longer have
to go to the hospital. Specialized operators can intervene earlier
at home, and hospitalization can be done only when necessary.
This allows both (i) to streamline the flow of patients who arrive
at the hospital, and (ii) to heal elderly people more effectively by
reducing the stress and the possible risks caused from moving
such patients to a different facility.

Italy, and, in particular, the Molise region, have a fragmented
territorial conformation, with many small perched and isolated
centers, among which it is often difficult to move. A centralized
health system has difficulty providing care in these conditions.

The world of home care has changed over time, it has had
to deal with the reality of things, with unexpected events and
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complex conditions. The data acquired by CoopCSS show that,
compared to 2017, there was an increase by 3.2% of Integrated
Home Care (ADI). Besides, the COVID-19 pandemic played a
catalytic role by accelerating a process that had already begun
years ago, with the crisis of the classic methods of health
intervention: indeed, the pandemic has forced us to avoid
hospitalization whenever possible to reduce the risk of infection
for the people most prone to get a severe form of the disease.
The limit of the health system is that it turned toward repairing
the damage caused by the disease instead of supervising the
protection of health in its socio-structural dimension. For this
reason, home care goes in the direction of building primary care
from below.

The ATTICUS system finds an ideal application in the
context of home care: automatically monitoring the health
parameters allows to predict the arrival of a possible
emergency, when this is preceded by changes in the
monitored parameters. In this way, the caregivers and the
physicians can be warned and they can promptly intervene.
Besides this application, the ATTICUS system can help
the operators to understand if a non-drug treatment is
working for a specific patient by constantly monitoring their
health parameters.

It is worth noting that, in such a context, the contact
between operator and patient is of paramount importance:
as previously mentioned, most of the patients are elderly
people alone, sick, and not self-sufficient: such people often
joyfully wait for an operator, not only to receive care or
treatment but also to establish human contact. Contrary to
what could be thought, the continuous monitoring provided
by the ATTICUS system goes exactly in this direction. Such a
system, indeed, is not designed to fully replace the caregivers,
but rather to allow them to focus more on the human
aspects of the intervention by offloading the monitoring and
analytical aspects.

6. PITFALLS AND LESSONS LEARNED

During the development of the ATTICUS system, we faced and
needed to solve several problems. In this section, we provide
some details about the typical difficulties that can be found
while developing a telemonitoring system, such as ATTICUS, the
solutions we found, and the lessons we learned.

6.1. Garment Design
As already described, we took into account three prototypes of
smart wearable:

• T-shirt: a prototype version of the ATTICUS wearable inspired
by the textile surface of a classic t-shirt;

• Band: this prototype is represented by a band that crosses
completely the body perimeter, approximately at the chest
height;

• Bustier: this wearable prototype is inspired by the t-shirt
concept but adaptable to human bodies, regardless of gender.
It is an adapted undershirt: short in length (the surface does
not reach waist height) and with the textile surface—intended

for pecs—represented by a thin line of fabric that crosses the
center of the chest area.

We initially considered a T-shirt prototype, which was the
most intuitive choice. T-shirt prototypes have the advantage
of exploiting a large surface on which to implant the textile
electrodes. Unfortunately, they do not guarantee the same fabric-
skin grip depending on the gender of the person wearing
the garment. Women could have a less stable skin-electrode
contact due to their chest area, reducing the adaptability of the
garment. A possible solution would have been not to have a
unisex model, but to design and produce different models. This
solution, however, would have required to maintain two different
products, with possibly different electrode configurations, and
higher production costs. On the other hand, the band prototype
allows for uniformity between genders, as it can be placed at
the end of the sternum. However, the small surface area of such
a model would not give the possibility to perform monitoring
of a wide range of biomedical sensors, including bioimpedance
sensors for respiration. For these reasons we decided to use a
bustier prototype, inspired by the concept of a classic sports
bodice, but adapted so that it can be worn by both men
and women, ensuring the same functionality and acquisition
quality. Specifically, the designed prototype simulates a kind
of second smart skin: the bustier acts as an additional layer
of skin. By this concept, we mean a garment that allows the
wearing of undershirts (to men) and bras (to women). From
this perspective, the chosen bustier represents a compromise
between electrode integration surface and homogeneity of use
between genders.

Lesson Learned 1. The most intuitive and commonly
accepted cloth design is not necessarily the most
appropriate one as a smart wearable. Also, there might be
important trade-offs even for the choice of the garment
type, and it is important to carefully evaluate them.

6.2. Conductive Materials
As for the conductive materials required to capture the
biomedical signals, we experimented with the potential of carbon
black as a conductive material in textile electrode application.
We noticed that carbon black electrodes do not fully adhere
to the skin when the bustier is worn: it takes some time
for the carbon black to adhere better to the skin, but this
time is shorter if a light layer of sweat is available on the
skin of the person being monitored. While this made us
consider to switch to a different material, our tests showed
that, despite such a problem, carbon black was still the best
option in our context. However, we had to deal with the
fact that the initial transient, generated by the carbon black,
affects the quality and accuracy of the signals acquired at
an early stage of monitoring. When the adherence increases,
electrocardiographic signals show an improvement in terms of
shape and noise.
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Lesson Learned 2. When using carbon black as a textile
electrode, it is necessary to make sure that the hardware
devices that capture the signal wait ∼30 min before
registering the ECG signal acquisition to reduce the initial
noise due to the low adherence. To reduce this lag,
stimulating the users’ sweating through the use of specific
materials for the wearable could be an option.

6.3. Signal Acquisition Noise
The acquisition of biomedical signals can be very noisy in some
circumstances. Most of the artifacts in the acquired signals were
due to the movements of the user (Movement Artifact, MA), to
the Electrode Motion (EM) and Baseline Wander (BW) (Apandi
et al., 2020). This is an open problem that still needs to be
solved in the literature, and for which we had no solution. At
the moment, we are studying automatic algorithms to recognize
such disturbs and we plan to use human activity recognition
(HAR) methods as a multi-variate analysis in such a context.
For example, if a motion artifact and simultaneously a running
activity are detected, the episode can be handled accordingly.

Lesson Learned 3. Disturbs may strongly impact on
the quality of signals acquired and, therefore, of the
automated predictions. To face such a pitfall, we are
studying automatic algorithms to recognize such kinds of
noise, and we will test HAR for multi-variate analysis.

6.4. Handling Big Data
Real-time continuous monitoring requires a huge exchange of
data: our sensors generate ∼900 MB of data per hour for each
patient. Also, ECG signals need to be acquired and represented
with high accuracy to ensure accurate signal analysis. Therefore,
parameters, such as the sampling rate and the accuracy of the
electrocardiographic can not be sacrificed to reduce the amount
of data exchange. This involves the generation of a signal with
considerable weight. ATTICUS is composed of a battery-powered
wearable device and a distributed automatic analysis system
for the medical decision support: large signals impact both the
wireless transmission and the occupied server-side memory. We
face this pitfall mostly by using a multi-level DSS: we only send
detailed data to the server when the local DSSs detect possible
issues, to reduce the amount of exchanged data. However, this
strategy does not completely fix the issue since all the data
still need to be sent from the wearable device to the S-BOX
device. For this reason, we are embedding in the software a
technique of compressive sensing (CS) (Picariello et al., 2021).
The reconstruction phase from the compressed samples usually
involves complex algorithms with a relatively high computational
cost that should be able to guarantee the signal integrity by
keeping clinically relevant features (Da Poian et al., 2017). This
cost is balanced by the very small payload of the wirelessly
transmitted data provided by the wearable device that performs
data compression. In general, the CS methods require low
computational effort for the compression, which is performed
on the wearable device, and high computational effort for the
reconstruction, which is usually performed on a more powerful

device (a dedicated device, in our case). First attempts in the
definition of approaches for information retrieval in compressed
ECG have been proposed in Laudato et al. (2020b, 2021a).

Lesson Learned 4. Telemedicine systems that require the
acquisition of the ECG signal frommany leads do not scale
easily because of the large amount of data they need to
handle. It is important to reduce the amount of data sent to
the server that should be memorized. A solution is sending
data only in possibly anomalous conditions, by using local
DSSs. We are testing the use of a compressive sensing
algorithm and specific detectors to be applied directly onto
compressed data.

7. CONCLUSION

We presented ATTICUS, an innovative telemedicine system
based on the Internet-of-Medical-Things paradigm. ATTICUS is
a complex system composed of several modules. An innovative
wearable device (S-WEAR) allows monitoring the patients’
vitals through several sensors placed on the garment. An
ambient intelligence system (S-BOX) and an app (MyATTICUS)
constantly monitor the vitals and raise warnings or alarms when
anomaly situations arise. Finally, a monitoring software, used at a
monitoring center by physicians and other operators, allows such
professionals to manually intervene both reactively—in case of
an emergency—or proactively—to monitor the health status of
their patients.

The core of the ATTICUS system is represented by a
distributed Decision Support System (DSS), which allows to
automatically detect several anomaly situations at three levels:
electronic device on the S-WEAR (level 1), S-BOX—for indoor—
and MyATTICUS—for outdoor—(level 2), and monitoring
center (level 3). This allows to avoid the bottleneck of a single
DSS and to optimize the resource consumption (e.g., battery).

The ATTICUS system can have a very positive impact both for
the treatment of chronic diseases (such as cardiac heart failure),
and for the home care of elderly people in general.
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