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Abstract—The aim of this work is to present KardiaTool
platform, an integrated Point of Care (POC) solution for non-
invasive diagnosis and therapy monitoring of Heart Failure (HF)
patients. The KardiaTool platform consists of two components,
KardiaPOC and KardiaSoft. KardiaPOC is an easy to use
portable device with a disposable Lab-on-Chip (LOC) for the
rapid, accurate, non-invasive and simultaneous quantitative
assessment of four HF related biomarkers, from saliva samples.
KardiaSoft is a decision support software based on predictive
modeling techniques that analyzes the POC data and other
patient’s data, and delivers information related to HF diagnosis
and therapy monitoring. It is expected that identifying a source
comparable to blood, for biomarker information extraction,
such as saliva, that is cost-effective, less invasive, more
convenient and acceptable for both patients and healthcare
professionals would be beneficial for the healthcare community.
In this work the architecture and the functionalities of the
KardiaTool platform are presented.

I. INTRODUCTION

Heart Failure (HF) is a life-threatening disease, causing a
significant economic burden on healthcare systems across the
globe due to its high prevalence, the extended hospitalization
requirements and the recurrent readmission of the patients [1].
More specifically, the European Heart Failure Association
reports that 23 million people experience HF worldwide, while
3.6 million people are newly diagnosed with HF every year in
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Europe [2]. The costs related to HF account for approximately
2% of the total healthcare costs, while indirect socioeconomic
effects of HF disease include increased morbidity, disrupt
productivity, increased medical debt and premature mortality.
The worldwide HF economic burden is estimated at 108€
billion per year [3].

The process of HF diagnosis is challenging and
complicated. Even if the pathophysiology of HF has been
understood in great extent by the medical community, there is
a wide spectrum of potential clinical manifestations of HF;
signs and symptoms are often non-specific [4]. Additionally,
therapy monitoring of HF patients is of critical value for
healthcare professionals; the identification of subgroups of
patients can lead to a more intensive follow-up when needed,
help avoiding frequent re-hospitalizations or delay disease
progression to end stage HF. Currently the majority of HF
therapy monitoring models are not personalized and are
unsuitable for clinical application. One has to agree that there
is ample room for improving the usability of risk prediction
tools and improve HF therapy monitoring.

New biomarkers and testing technologies, which can
diagnose HF, monitor therapy and provide information related
to the subsequent risk for adverse events or mortality of the
affected patients may drive this change. There are several
cardiac related biomarkers that are referred to molecules
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carried with diagnostic and prognostic information [5]. Point
of Care (POC) devices provide a great opportunity for
continuous monitoring of such biomarkers. The POC market
is driven by technological advancements that facilitate
provision of Micro-Nano-Bio Integrated Systems platforms
(MNBS) which enhance the ability to detect, analyze and
monitor biomarkers as evaluation end-points, in a fast,
accurate, user-friendly and cost effective way [6]. POC testing
devices are commercially available for myoglobin, CK-MB,
c¢Tnl, cTnT, and other markers [7-12]. From the POCs
currently available in the market, i-STAT [8] excels because
of'its successful integration of the silicon chip technology with

electrochemical principles. i-STAT micro fabricated
miniaturized biosensors show good performance and
diagnostic  characteristics in terms of sensitivity,

reproducibility, short analysis time, and small sample size
requirement, however, it is an invasive method for biomarker
analysis.

KardiaTool will provide significant advantages over
already available POC devices. The innovation lies in the
incorporation of four saliva biomarkers that have been proven
relevant in a laboratory setting and bring a new promising
concept for addressing the priority needs of the clinical arena.
KardiaTool will provide the capability of simultaneously
measuring the following four saliva biomarkers: (i) N-terminal
pro b-type natriuretic peptide (NT-proBNP), (ii) Tumor
Necrosis Factor —a (TNF-a), (iii) Interleukin- 10 (IL-10), (iv)
Cortisol. The accurate detection and quantification of the
selected saliva biomarkers can assist in the diagnosis, since
specific high levels of the selected biomarkers is an indication
for HF. In addition, for patients with HF, specific fluctuations
of the selected biomarkers and their correlation, are indicative
for the deterioration of the status of the patient, i.e. NYHA
class change, prediction of adverse events, and thus potential
need for therapy change [13-14, 16-20]. This will be achieved
through the development of a novel MNBS platform
incorporating the key enabling technologies in the field of
advanced materials: (i) for the synthesis of magnetic
nanoparticles (MNPs) and development of MNPs coatings,
towards providing adequate physicochemistry and tailored
surface properties, and (ii) for the development of the Lab-on-
Chip LOC and POC.

KardiaTool will include new features to: (i) diagnose HF
by detecting the disease at an early stage, when it is easier and
less expensive to treat effectively, (ii) reduce the time, cost and
failure of misdiagnosis, (iii) monitor therapy of HF patients
and stratify them into groups of high and low risk for HF event
(decompensation, mortality), and (iv) shift the emphasis in HF
management from disease to wellness.

II. KARDIATOOL PLATFORM

A. KardiaTool Architecture

The concept of the KardiaTool platform is shown in Fig. 1.
The main components of the KardiaTool platform are the
KardiaPOC and KardiaSoft.

KardiaPOC is an easy to use portable POC device providing
key information of four saliva biomarkers simultaneously: (i)
NT-proBNP, (ii) TNF-a, (iii) IL-10, and (iv) Cortisol.
KardiaPOC integrates a microfluidic system, a variety of
sensors, actuators, Microelectromechanical systems (MEMS),
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Figure 1. KardiaTool concept.
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Figure 2. High level architecture of the KardiaTool platform.

micro-electronics, biochemical and functionalized MNPs,
onto a disposable, low cost LOC.

KardiaSoft is a decision support software consisting of
predictive models, correlating the output of the KardiaPOC
device with additional heterogeneous data sources (e.g.
clinical examinations, patient history, biological data, and
other biomarkers) to allow for the extraction of patterns and
rules towards efficient diagnosis and therapy monitoring for
HF, patient profiling-stratification and prognosis of HF
adverse events.

The KardiaTool platform consists of the following layers
(Fig. 2): (i) Layer I includes the MNPs and the antibodies, (ii)
Layer II includes the saliva samples, the microfluidic system
and the immunosensor component, (iii) Layer Il includes the
microcontroller, the memory and the power supply,
communication interface, instrumentation of LOC, (iv) Layer
IV includes the KardiaSoft.

The process from saliva sampling to diagnosis and therapy
monitoring consists of four steps: Step I: The healthcare
professional/nurse collects saliva from the patient and injects
a sample into the microfluidic cartridge. The microfluidic
cartridge is designed and fabricated in such a way that it
integrates a flow control system with on-chip microfluidic
valves and pumps. These elements are controlled through a
pre-programmed sequence, by the controller integrated in the
KardiaPOC. The sample is firstly pumped into the first
microfluidic chamber where it is mixed with the functionalized
MNPs. This first chamber is dedicated to magnetic beads-
based biomarkers capture for pre-concentration and
purification, using planar coils for mixing and capturing
cycles. After immunoreaction, the washing step with buffer
solution will be implemented in order to remove absorbed
biomolecules on the MNPs. The reacted MNPs will be
dispensed in a precise manner to the second chamber.
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Electrochemical detection will be performed in this fully
automated and miniaturized Field Effect Transistor (FET)-
immunosensor chip. Step 2: The healthcare professional/nurse
loads the Ion Sensitive FET (ISFET) immunosensor array chip
cartridges into the KardiaPOC device. Step 3: Analysis is
performed and the concentration of each biomarker is
displayed on the screen of the KardiaPOC device. Step 4: The
biomarker results and the other patient and clinical data are
automatically transferred to and analyzed by the KardiaSoft
tool which then provides clinical information, software-based
healthcare-related advice and support to assist the healthcare
professionals in HF diagnosis and HF therapy monitoring.

B. KardiaPOC

The KardiaPOC device combines: (i) Microfluidic system,
(i) Nanocarriers, (iii) MEMS, (iv) Immunosensors, (v)
Instrumentation.

Microfluidic system. A microfluidic cartridge consisting
of a network of channels and chambers, as well as the
microfluidic flow control elements, enabling precise fluid
displacement for high reliability measurements will be
developed.  KardiaPOC microfluidic cartridge will be
assembled to the LOC circuit board containing the magnetic
and sensing chips. The architecture of the microfluidic system
will contain the fluidic channels, sample preparation and
sensing chambers, integrated sensors, flow actuation, reagent
reservoirs (integrated blisters) and an injection system for the
sample.

Nanocarriers. A new concept of nanocarriers consisting
of MNPs functionalized with secondary antibodies for pre-
concentration of the HF biomarkers will be followed.
Functionalized MNPs made of iron oxide (Fe3O4-NPs), which
have attracted much attention in the fabrication of bio-sensing
systems, due to their unique properties (super-paramagnetism,
biocompatibility, signal amplification, etc.) will be developed.
One of the novelties associated to KardiaTool platform is the
"to and fro" movement of the functionalized MNPs in the front
chamber that hosts the electromagnet. This is achieved by the
on/off switching of the electromagnet that will attract and
liberate the nanocollector MNPs. This shall permit that the
loading of the MNPs becomes possible not only by diffusion
but also by convection.

MEMS. Different types of coils with and without magnetic
cores will be microfabricated with MEMS processing
techniques on silicon wafers and will be tested for power
limitations, performance and reliability within the microfluidic
environment. More specifically, the following types of
inductors will be evaluated: (i) square spiral inductor with air
core, (ii) double spiral air core, (iii) single or double spiral with
magnetic core, (iv) toroid with magnetic core. Finite Element
Analysis of the coils will help to narrow down the designs that
will be fabricated on silicon wafers for functionality tests.

Immunosensors. Detection of saliva biomarkers requires
high detectability. The ultimate state-of-the-art FET designs
will be used together with the MNPs to improve the
electrochemical signal. Technologies for sample-pre-
treatment and pre-concentration chamber together with
detection chamber will be integrated for the very first time in
the same chip with maximized resolution and reliability in
large volume scalable low cost devices.

Instrumentation. A new electronic circuit for the
determination of the transconducatance of protein-modified
HfO2 (Hafnium dioxide) ISFET will be designed and
fabricated. Major objectives and features of the
instrumentation will be: (i) small form factor applying Surface
Mount Devices, in smallest sizes, (ii) low power consumption
using selected components, (iii) onboard power and memory
management, (iv) standardized communication interfaces and
data transfer, (v) processing unit for system control and
measurement analysis, (vi) various functional blocks for the
system control of the biochemical sensor: initialization,
cartridge detection, drivers for micro-pumps and micro-coils
and, (vii) various functional blocks for the Electrochemical
impedance spectroscopy measurement [15].

The mastering complexity of the aforementioned advanced
technologies will provide numerous advantages in terms of
KardiaPOC diagnostic speed and sensitivity.

C. KardiaSoft

KardiaSoft will be a multi-purpose and multifunctional
computational tool that will be based on a variety of HF related
data. The decision support processing is a critical component
of KardiaSoft tool since it will provide valuable clinical
information to the healthcare professionals and assist them in
(1) diagnosis of HF, (ii) profiling and stratification of HF
patients, (iii) prediction of HF adverse events, and (iv) therapy
monitoring, in real time. The machine learning techniques,
that will be tested, include decision trees and rule based
approaches for HF diagnosis, clustering algorithms for
profiling and patient stratification, dynamic techniques, which
take time dependencies into consideration, for progress
prediction and complex regression techniques for estimating
the time and probability of HF adverse events. Through the
detection of changes in the output of the above mentioned
functionalities (i-iii) therapy monitoring will be achieved.

D. KardiaTool HF biomarkers

Circulating levels of NT-proBNP are normally very low in
healthy individuals. NT-proBNP levels are increased in HF
and correlate well with ventricular wall stress and severity of
HF [16]. With regard to the prognostic value of NT-pro-BNP
for HF, a correlation between NT-pro-BNP and advanced HF
is demonstrated [17]. The most important cytokines
implicated in the progression of HF are TNF-a and IL-10 [18].
It is well established that high concentrations of TNF-a is
observed in patients with HF and that these levels correlate
with the patient's functional class. Patients with HF have a
significant decrease in their serum level of IL-10 and increase
in TNF-alpha and these levels change significantly with
advanced NYHA class [19]. Serum levels of cortisol appear
to be equally strong independent predictors of all-cause
mortality risk in patients with systolic and non-systolic HF of
any cause. The highest serum concentrations of cortisol
identified a subgroup of HF patients with a particularly high
mortality risk [20].

E. KardiaTool proof of concept

The evaluation of the KardiaTool platform will be
conducted through a pre-clinical testing, a two stage clinical
testing and health technology assessment (HTA) analysis.
The pre-clinical testing aims to validate the accuracy of the
measurements of the KardiaPoC device. Specifically, the
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validation will be carried out by comparing the KardiaPOC
measurements with the analytical reference methods.
Conventional immunoassay methods will be used, along with
innovative ultra-high performance liquid chromatographic
techniques coupled with high-resolution tandem mass
spectrometric detectors. Samples will be collected from 10
patients with symptoms of HF and known HF (Group I), 20
subjects with symptoms (hypertension, obesity) but without
HF (Group II) and 15 patients with acute HF (Group III).
They will be used for the validation of the KardiaPOC
measurements following well-defined Quality control and
Quality assurance protocols.

The clinical testing consists of two stages: 1) a small clinical
testing for the design and development of the KardiaSoft tool,
and ii) an early clinical testing for the validation of the
KardiaTool platform. Information from 135 subjects for the
first stage and 90 subjects for the second stage (45 subjects of
Group I, 90 subjects of Group 11, 90 subjects of Group III)
will be collected within three clinical centers (University Of
Ioannina Greece- UOI, Consiglio Nazionale Delle Ricerche
Italy - CNR, University College Dublin Ireland - UCD).
Through early clinical testing the accuracy in: (i) HF
diagnosis and, (ii) HF therapy monitoring, to prevent relapses
in patients with established diagnosis of HF and for early
detection of HF acute decompensation, will be validated.

In order to provide evidence of the need of adopting the
KardiaTool platform, a detailed and thorough HTA will be
performed focusing on the safety, efficacy and effectiveness,
social, ethical and economic aspects of this technology tool.

III. DIscuUSSION

KardiaTool will develop a personalized MNBS platform
and bring a new laboratory proven concept from the
laboratory to clinic, addressing priority needs in healthcare
diagnosis and therapy monitoring for patients with symptoms
for HF and patients with known HF. This approach is
expected to provide considerable improvement for healthcare
delivery at the POC, the quality of life of patients and a
reduction in healthcare costs. The integration of biosensors,
microarrays, micropumps, microelectronics and magnetics
and other mechanical and electrical components onto chips,
results in rapid, highly sensitive and advanced HF biomarkers
identification and detection in a quick, non-invasive and
accurate way. KardiaTool possesses a radical new approach
based on the development of pre-concentration and multiplex
analysis, microfluidics and functionalized HfO2-ISFETs.
This accessory will allow: (i) Real time assessment of patient
parameters based on saliva analysis, (ii) Pre-concentration
and multiplex analysis, allowing the co-occurrence analysis,
(iii) Improved detection technology, (iv) In-project clinical
implication.  KardiaTool offers many advantages over
centralized laboratory testing, such as small reagent volumes,
rapid analysis, small size, low power consumption, reliability,
robustness and user acceptability. Saliva sampling has
advantages compared to blood and urine. It is an easy and
non-invasive process requiring relatively simple instructions
for collection and it possesses less complexity than other body
substances. The analysis of the KardiaPOC measurements
with other critical patient data, through KardiaSoft, will
enable personalized decision making for effective

management of those at risk of an HF event.

The challenge of KardiaTool is three-fold: (i) to translate a
laboratory proven concept of a saliva biosensor into an MNBS
platform, for HF diagnostics and therapy monitoring, at the
point of care, whilst following Good Laboratory Practice [21],
(ii) to validate the MNBS platform through pre-clinical and
clinical testing, following Good Clinical Practice [21], and

(iii) to industrialize the outcomes, following Good
Manufacturing Practice [21] towards progress to
marketization.
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