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Abstract—The scope of this paper is to present the
Specialist’s Decision Support System (SDSS), part of the overall
Decision Support Framework that is developed under the
SensorART platform. The SensorART platform focuses on the
management and remote treatment of patients suffering from
end-stage heart failure. The SDSS assists specialists on
designing the best treatment plan for their patients before and
after VAD implantation, analyzing patients’ data, extracting
new knowledge, and making informative decisions. It creates a
hallmark in the field, supporting medical and VAD experts
through the different phases of VAD therapy.

I. INTRODUCTION

eart failure (HF) is affecting millions of people in the

Western Countries every year, and is characterized by
impaired ventricular performance, exercise intolerance, and
shortened life expectancy. Despite significant advancements
in drug therapy, mortality of the disease remains excessively
high, as heart transplantation is the only accepted method to
treat severe cases. Unfortunately, heart transplantation is
limited by the number of donor organs, and therefore VAD
support is nowadays considered an alternative for many
cases of end-stage heart failure [1].

Traditionally, VADs have been employed in order to
provide circulatory support to patients who cannot survive
the waiting time to transplantation. However, two other roles
have recently involved: “bridge to recovery” and
“destination therapy”. In these, the VAD reduces the
workload imposed on the heart, which then can recover its
contractility power.

The SensorART platform focuses on the management and
remote treatment of patients suffering from heart failure. It
provides an interoperable, extendable and VAD-independent
solution, which incorporates different hardware and software
components in a holistic approach, in order to improve the
quality of the patients’ treatment and the workflow of the
specialists (Fig. 1). The SensorART platform consists of:

e Sensor Module: It is used to monitor both the VAD’s and
the patient’s status through a set of implantable and wearable
sensors (flow, pressures, thoracic impedance, ECG etc.).
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e Signal Acquisition Module: A software component, which
collects all signals coming from the sensors and present
them, in a formal and easy-to-access way, to the patients.
This component is deployed in a small portable device, such
as a PDA.

e Hardware Controller: A hardware unit, on which the auto-
regulation algorithm of the VAD is deployed. This unit,
which communicates wirelessly with the VAD, is
responsible to auto-adjust the provided blood flow of the
VAD to the patient’s heart according to signals from the
Sensor Module. Moreover, this unit monitors the energy
consumption, as well as the VAD functionality, generating
the appropriate crucial and vital alert messages.

e Remote Control Framework: A software module, which is
deployed in the specialists’ personal computer and PDA.
This module provides the capability of real-time remote-
monitoring and controlling of the patient’s and VAD’s
status.

e Decision Support Framework: It assists the specialists on
deciding the best treatment strategy for a specific patient. It
includes a VAD-heart simulation component, which gives to
the specialists the possibility of modeling the behavior of a
patient before and after VAD implantation, as well as a
Decision Support System providing data analysis and
projection tools.
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Fig. 1. Overall SensorART platform.

The widespread application of VAD therapy has increased
research in the field, and as a result a few DSS have been
proposed over the past years. These mainly target in:
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identification of a suction detector for rotary blood pumps;
determination of an optimal VAD pump speed; and
identification and selection of VAD patients, which can be
weaned from the VAD.

Regarding the first case, suction is an event that occurs
when a rotary pump tries to draw more blood than is
available. Suction may cause ventricular collapse to occur,
which can cause chest pain and cardiac tissue damage. In
literature, several approaches have been proposed to solve
the suction detection problem. These approaches are based
on empirical observation of certain variables. Thus, some
suction indices are based on time domain characteristics and
the spectral energy content of signals, such as pump flow
and pump current [3]. Instead of using just one indicator, a
combination of indices can also be employed [4].

Considering the pump speed selection problem, a few
sensorsless methods for determining the optimal pump speed
were developed by using pump variables such as current,
voltage and speed [5]. Several other researchers have
adopted a similar approach without the use of implantable
sensors [6,7].

For a growing number of patients with heart failure, VAD
therapy has demonstrated the potential to extend life, and
even lead to cardiac recovery [8]. However, the incidence of
VAD weaning remains relatively low compared with the
volume of patients treated with VAD therapy. In addition,
the underlying cellular, biochemical, and biomechanical
mechanisms remain uncertain and thus, different sets of
criteria have been proposed for attempting to wean patients
from VAD support [9]. These differences may arise from
different types of heart failure, different medical treatments
during mechanical unloading, differences in devices used for
ventricular support etc. So far, only one clinical DSS has
been reported in the literature for supporting ventricular
assist device weaning [10].

The scope of this paper is to present in detail the
architecture and functional specifications of the SDSS, based
on the initial research results and user requirements analysis.
In the context of the SensorART platform, the SDSS plays
an important role, providing valuable information and
support the specialists with regard to the treatment strategy
for their patients.

II. MATERIALS AND METHODS

A. Specialist’s Decision Support System Design

As depicted in the high-level architecture of SensorART,
the SDSS is an essential component of the platform, part of
the overall Decision Support Framework. It assists the
specialists to:
o Select the most appropriate candidates for VAD weaning.
e Decide on the best treatment strategy in terms of
medication.
e Analyze patients’ data and extract new knowledge.
o Identify different pump states and possible issues related
to the suction phenomenon.

e Draw conclusions about the most appropriate pump speed
settings.

The SDSS combines both medical knowledge and data-
driven techniques [11], and its design is based on
acknowledged standards and principles that ensure the
avoidance of either technical or business barriers.

B. SDSS Overall Architecture

In the following figure (Fig. 2), the architecture of the
SDSS is presented in detail.
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Fig. 2. Architecture of the SDSS.

The SDSS is a Web-based application providing multiple
functionalities to the specialists. It creates a hallmark in the
field, supporting medical and VAD experts through the
different phases of VAD therapy. Rather than addressing a
single issue, the SensorART SDSS enables specialists with
advanced techniques [11], in order to effectively assess and
exploit data from two categories:

Real patient data from the Specialist’s Monitoring
Application, through two different modules:

Weaning and Treatment Module: This module combines
expert knowledge with multivariate statistical analysis, in
order to support the specialists on the weaning decision (i.e.
the selection of patients with adequate cardiac recovery that
may be removed from the VAD therapy), and on the most
suitable treatment plan in terms of medication, according to
the condition/phase of the patients (stabilized clinical state,
normal phase in home conditions, worsening phase and/or
reacutisation phase).

Emphasis is given on advanced methodologies that ensure:
Robustness and reliability.
Extended spatial and temporal coverage.
Increased confidence.
Reduced ambiguity and uncertainty.
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¢ Robustness against interference.

e Improved resolution.

Multiple classification techniques are evaluated for the
analysis and processing of data. A classification technique or
classifier is a systemic approach to building classification
models from an input data set and many schemes have been
used in clinical decision making and disease management
problems. Each classification technique employs a learning
algorithm to identify a model that best fits the relationship
between the attribute set and the class label of the input data.
A key objective of the learning algorithm is to build models
with good generalization capability. The classification
techniques employed include artificial neural networks
(ANN) [12], Bayesian inference techniques [13], the Shafer
and Dempster method [14], Support Vector Machines [15],
etc. The module handles patients’ data coming from the
Specialist’s Monitoring Application, as well as knowledge
data coming from medical and VAD experts. These data are
processed and analysed in order to provide support for the
treatment (in terms of medication) and situation of each
patient (candidate for weaning).

The Weaning and Treatment Module
components described below:

- Preprocessing/Features Extraction: It is used to
preprocess all data received from the SensorART platform.
These include patients’ profiles, VAD measurements, lab
measurements, medications, history of events etc. After the
appropriate transformations, all data are stored for further
retrieval and analysis. In addition, specific features are
extracted for ease and effective process in other components.

- Patients Data Repository: It is the main repository of the
SDSS. Within it, all data of the monitored patients are
collected and stored, after their preprocessing from the
Preprocessing/Features Extraction component. The Patients
Data repository is connected with the Data Mining
component and the Statistics/Reporting Mechanism.

- Data Mining: 1t is one of the intelligent components of
the SDSS. The Data Mining component is used to analyze
all data coming from the SensorART platform, and provides
the extracted knowledge to the Weaning/Treatment
Mechanism, as well as, the medical and VAD experts. The
Data Mining component uses data from the SensorART
platform, and provides the resulted knowledge to the
Knowledge Database.

- Knowledge Database: This repository contains the
knowledge that is generated from the Data Mining
component, after the analysis of the acquired patients’ data.

- Domain/Experts Knowledge: This repository includes all
the knowledge coming from the medical experts, and the
literature related to treatment and patient selection for VAD
weaning.

- Knowledge Editor: It provides the ability to create and
maintain the expert knowledge (in the form of clinical rules),
used in the alerting Weaning/Treatment Mechanism.

- Weaning/Treatment Mechanism: It is one of the core
components of the SDSS. The Weaning/Treatment

includes the

Mechanism provides reasoning for the treatment (in terms of
medication) and situation of a patient (candidate for
weaning), by mapping his data through the Domain/Experts
Knowledge Database and the Knowledge Database.

Knowledge Discovery and Statistics Module: This module
assists specialists in conducting profound analysis and
research, originated from patient data and previous cases. An
advanced methodology based on association rule learning
[16] is employed, thus allowing the discovery of interesting
relationships hidden in the large datasets that are created in
SensorART for each patient individually, and for all patients
treated by a specialist. Using this, the specialists are able to
define various variables for which associations are searched
within the recorded datasets through the use of easy and
efficient interfaces, discover interesting interrelations and
extract new knowledge from multiple and heterogeneous
archived data that reflect everyday lifestyle and medical
information, etc.

Main components of the module are:

- Statistics/Reporting Mechanism: It provides specialists
with tools for analyzing collected patients’ data, and
discovering/reporting new knowledge. This may be specific
for a patient under investigation or for a group of patients,
who share common characteristics. The Statistics/Reporting
Mechanism is connected with the Patients Data repository
and the Data Representation component.

- Data Representation Module: 1t handles the presentation
of the extracted knowledge from the patients’ data (in terms
of corresponding association rules). This may be presented
in textual format, cross-tabulation tables, or graphically
using 2D and 3D diagrams. The most suitable format is
selected depending on user needs.

Simulated patient data from the VAD-Heart Simulation
Platform, through:

Suction and Speed Optimization Module: The Suction
and Speed Optimization Module provides to the specialists a
powerful assistant in their attempt to effectively plan the
treatment strategy for a patient. The module handles data
from simulation sessions generated in the VAD-Heart
Simulation Platform. These data are analysed in order to
determine the pump status, and draw conclusions regarding
the pump speed settings.

Two main components are included in the Module:

- Preprocessing tool: 1t is used to preprocess data received
through the VAD-heart simulation component. These
include measurements (pump flow, pump speed, aortic
pressure, ventricular pressure etc.) related to simulation
sessions that are configured and executed by medical and
VAD experts. In addition, specific features are extracted for
ease and effective process in other components.

- Data Mining: 1t is one of the intelligent components of
the SDSS. The Data Mining component is used to analyse
data coming from the VAD-heart simulation component, and
provide the extracted knowledge to the Suction/Speed
Mechanism.
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- Simulated Knowledge: This repository contains the
knowledge that is generated from the Data Mining
component, after the analysis of the simulated data acquired
from the VAD-heart simulation component.

- Suction/Speed  Mechanism: The  Suction/Speed
Mechanism provides reasoning to the specialists in their
attempt to identify different pump states and possible issues,
as well as decide about the most appropriate pump speed
settings.

Several features in the frequency and time domains are
explored and employed, with the aim to capture the
underlying nature of the corresponding physiological
signals. Frequency-domain features are based on heuristic
observations that the spectral energy content of the signals,
changes when the patient is experiencing suction while time-
domain features are based on a beat-to-beat analysis of
signal patterns. The classification scheme is addressed by
intelligent machine-learning techniques, such as Artificial
Neural Networks, Support Vector Machines, or Random
Forests. The output of the suction detector and other
parameters are provided as inputs in a knowledge-based
expert system designed to derive inferences about the
optimal pump speed settings. The system proposes
adjustments to pump speed according to the required cardiac
output and pressure perfusion. It may be based on a fuzzy-
logic inference system [17]. Such a system involves an input
fuzzification, an inference engine and an output
defuzzification procedure.

III. CONCLUSIONS

Table 1 provides a first insight of the SensorART SDSS
features in relation to the most prominent works reported in
the literature. In this context, the SDSS creates a hallmark in
the field, supporting medical and VAD experts through the
different phases of VAD therapy. Rather than addressing a
single issue, the SDSS assists specialists on designing the
best treatment plan for their patients before and after VAD
implantation, analysing patients’ data, extracting new
knowledge, and making informative decisions. The
introduction of the SDSS enables the potential to translate
valuable expert knowledge into standardized, personalized,
and optimized VAD therapy. As a future work, the
SensorART SDSS will be further developed and validated,
using data from multiple medical centers.
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