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Abstract—  State-of-the-Art disease management for
Congestive Heart Failure (CHF) patients is still baed on easy-
to-acquire measures such as heart rate (HR), weiglind blood
pressure (BP). However, these measures respond late
changes of the patient health status and provide niited
information to personalize and adapt medication theapy.

This paper describes our concept called “Cardiac t&tus
Assessment” we have been investigating within theuEopean
project “HeartCycle” towards next-generation home-tased
disease management of CHF. In our concept we analy non-
invasive surrogate measures of the cardio-vasculdunction in
particular systolic time intervals and pulse wave lsaracteristics
to estimate Cardiac Output (CO) and Systemic Vascal
Resistance (SVR) both are established clinical maags. We
discuss the underlying concept, a developed measaorent
system and first results.

|I. INTRODUCTION
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Fig. 1. “Hemodynamic Tailoring” concept being intigated in
“HeartCycle” towards improved Medication Compliance

In addition to blood pressure and patient charisttes,

( :ONGESTIVE Heart Failure is one of the most costlythis concept takes into account the patient’s cavaiscular

chronic diseases in all developed countries [1]stihg

status combined with the congestion status. Coiugess

home-based CHF disease management systems usto€asgstimated using the validated “MyHeart” textile-eds

acquire vital signs such as heart rate, blood presand
weight as input variables to monitor a patient'sidition.
But all these parameters respond late or unspeoificHF
disease status changes. Therefore, ongoing resémokb
for better suited measures to improve CHF managemgn
by earlier detection of a de-compensation or tcqealize
treatment. Thorax
approach to detect a de-compensating patient ealie to
fluid accumulation in the upper thorax [2, 3].

The European-funded “HeartCycle” project invesggat
innovative concepts for improved medication compii of
CHF patients. One essential factor for a patiemtcs-
compliance is suboptimal medication, since it cesult in
severe side effects and/or reduced treatment ssicé&thin
“HeartCycle” the concept “Hemodynamic Tailoring” sha
been developed to address this problem. Its basliditg
blocks are shown in Fig. 1.

Manuscript received March 29, 2011. The HeartCyxlgect is partly
funded by the European Community's Seventh Franle®oogram in the
context of the Information Society TechnologiesdPam Grant agreement
FP7-216695. The MyHeart project was partly fundedtie European
Community's Sixth Framework Program under granteegent n°IST-
2002-507816.

J. Muehlsteff and H. Reiter are with Philips Resh&urope, Eindhoven
(The Netherlands), e-mail:  jens.muehlisteff@philips.com
harald.reiter@philips.com

P. Carvalho, J. Henriques and R. P. Paiva aretis tve Department of
Informatics Engineering, University of Coimbra (Rmal). e-mail:

{carvalho, jh ruipedro}@dei.uc.pt

monitoring system [3], whereas for the assessmérnhe
cardio-vascular status a newly developed smart osens
system is foreseen. A rule-based algorithm proposes
optimized medication adjustments to the treatirigighn,

who has to confirm or adapt a system-based propdsal
patient is asked to acquire the input signals lohaidy spot

impedance might be one exampieck measurement of 10 min duration.

CHF essentially relates to a diminished heart pagpi
function, which could be easily assessed by CarOiatput.
CO is a well-known clinical established measure plags a
vital role in our concept. Still, CO cannot be ably
acquired at home so far. Echocardiography — theiceli
gold standard for non-invasive CO — requires expens
bulky equipment and well-trained operators. Impegan
Cardiography (ICG) has been considered as oneeoifnibst
promising techniques for home-use, but current
implementations do not provide accurate CO readfiogs
CHF patients [4]. Ongoing research analyses limoitat of
ICG-based CO estimation for CHF pathologies towards
improved embodiments [5, 6].

This paper discusses in section Il the modulartiaic
Status Assessment” and our approach to infer COSA
in more detail. The realized monitoring system eésatibed
in chapter Il and chapter IV and V provide firgsults,
insights and conclusion.



Il. CARDIAC STATUS ASSESSMENT

The module “Cardiac Status Assessment” has to geovi

as essential outputs CO and SVR derived from ismurtals
that a) can be monitored non-invasively by a patiemself
reliably at home and b) should be closely linkedthe
cardio-vascular status of the patient. In additiorBP and
known patient characteristics, we infer the candiseular
status based on the analysis of the following dggnan
electrocardiogram (ECG), heart sounds (HS), an dtapee

cardiogram (ICG) and photo-plethysmogram (PPG).s€he
g (16G) b pieiny g ( re)dundaﬁfardiac output and Contractility index are estirddiased

signals provide complementary as well as
information on the heart pumping function and tlasoular
status. It has been shown that ECG and thoraciediupce
can be reliably measured with functional textil&$, [PPG
acquisition has been already implemented in CHleadis

defined as time interval between the peak of theake of

the electrocardiogram and the onset of a periphanato-
plethysmographic pulse, which has been intensively
investigated as surrogate measures of blood pessud
vessel stiffness (BP) [9, 10]. Since PAT is the saffPEP
and PTT, PTT can be calculated from PAT if PEPnisvin.

BP variability (BPV) another potential interegtin
parameter - might be accessible via PAT and PTWwelk
however the clinical relevance of BVP is a mattdr o
research.

on PEP, LVET, body surface area and age usingitigos
currently under development [11]. SVR is deriveahirCO
and the mean blood pressure (MBP) using the rel@WR
= MBP/CO.

management systems and a HS sensor needs esgentiall

accurate placement, which could be enforced byational
textile design as well. A complete diagram of thedule
with all input and output signals is shown in Fg.
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Fig. 2. Input and Output of the Cardiac StatuseAsment Module
being investigated in the Assessment Use Case Seesithin the
project “HeartCycle”

From the input signals we estimate Systolic Tim

Intervals (STI), thoracic fluid status and thoraicigpedance
as well as vascular status parameters such as palsst
time (PTT) and pulse arrival time (PAT).

Systolic time intervals (STI) have been shown vhleas
non-invasive measures to assess left ventriculdonpeance
[7, 8]. STI reflect the duration of total electreenhanical
systole, and present two major components: theej@eion
period (PEP) and the left ventricular ejection tith&ET).
PEP is the time interval between the start of Veumar
depolarization and the moment of aortic valve openi
whereas the LVET is defined as the time intervalleff
ventricular ejection, which occurs between the amgprof
the aortic valve and its subsequent closure. PER imdex
of the left ventricular function and indicates cbas in
myocardial contractility, pre- and after load [d]he left
ventricular ejection period (LVET) can also be tethto
contractility and to cardiac output.

Vascular status e.g. vessel stiffness is inferrgidguthe
pulse wave methodology. One implementation of th
method analyses a synchronously measured ECG and-ph
plethysmogram from which pulse propagation charaties
of the arterial tree like the PAT can be derive&TPis

A. System Design

For our current research status, we realized asysor
data acquisition in clinical trials. The designealdy takes
into account a later planned easy adaptation to ehom
monitoring scenarios e.g. integration into functibrextiles.

The system offers to measure an ECG, an ICG, near-
infrared PPG, infrared PPG and a thoracic inductive
plethysmogram. In addition, sound signals from tiworax
locations using custom made microphones can beiracqu
Up-to three 3-axis acceleration sensors at theaih@rms or
legs provide information on posture and movements.
Additionally skin temperature can be measured d& vk
signals but ICG are acquired with 16 bit ADC resolu,
whereas the ICG is measured with 24 bit ADC resmbut

REALIZED SYSTEM

ECG and ICG are picked up with standard clinical
electrodes. Respiration effort is monitored with a
commercial inductive respiration-belt. Custom made

housings were developed for the microphones and
gccelerometers with a circular shape of 1.1 cmiamdter.
These housings are attached by medical-grade aghaisccs
on the patient’s skin. Data are stored on a meroargt and
can be wirelessly transmitted via Bluetooth or Zigb

The system concept focused on an easy to use appiaa
the clinical staff as well as to ensure maximum faotrfor
the patient. The system is classified as investpgat
device. Since the patient is not hindered in natura
movements, ambulating (mobile) patients can be
continuously monitored for up-to 24 h.

A. Sensors locations

Fig. 3 shows the location of all sensors on a ptiiéody.
The central unit is fixed to the thorax by medigedde
electrodes below the nipple line. The respiratifiareband
measures changes of thoracic circumference atdigithof
the central unit. Heart sounds are picked up atibwations:
a) at the left sternum border and b) at the apskKipa. A
standard clinical SpO2 sensor is attached to tthexifinger
to provide infrared and near-infrared photo-plethggrams,
Fihich also allows monitoring SpO2. In the presented
configuration a 3 axis acceleration sensor withm¢entral



unit is used to detect the relative position ofttherax in the Table | summarizes the performance of the developed
earth gravity field as well as the activity of thatient. algorithms in terms of absolute average error (maad

= standard deviation) and Pearson correlation caoeffic The
obtained results show comparable performance to the
echocardiography reference measurements and ceufiton
include heart sounds in our concept as essentiaktsdor
reliable PEP and LVET estimation. More details dzn
found in [12, 13].

B. LVET estimated from Impedance Cardiogram — Impact
on CO estimation

We tested several different existing algorithmsettract
PEP and LVET using the ICG as an alternative to[HS.
Data have been acquired from the same study group
discussed before for HS. The ICG was acquired With
clinical Impedance Monitor “NICCOMO” [15]. Table II
reports the measurement performance achieved uming
algorithm developed inside the “HeartCycle” projiuntICG
Fig. 3. Sensor locations at the patient; the eéninit is located segmentation [13], where in particular LVET hasighkr

below the nipple line behind the respiration baind/¢llow). error compared to LVET extracted from HS (Table I).

A. System components TABLE Il

Th ial f th hoFtui SYSTOLIC TIME INTERVAL ESTIMATION FROM IMPEDANCE

e essential components of the system are showigin CARDIOGRAM

4 on the left and include an external charging ,utlie Poarson
system cover with battery and the central electranit with Measure Population ~ Absolute Error . eon
sensor cables. A subject with an attached systeauhed is  —pgp Healthy  12.48.7 ms 054
presented on the right picture in Fig. 4. LVET Healthy = 33.4t29.4ms 0.28

A low estimation accuracy of ICG-based LVET hasrbee
found for all investigated algorithms [13]. The enlging
reason is the —ill-defined - X-point within the IC®hich is
commonly used as marker of the aortic valve clasuire
fact, this point did not coincide with aortic vahaosure
verified with synchronously measured echocardiogyap
signals. Similar findings were reported in [4] d@i5-based
Fig. 4. left: System components with charger, esystover with LVET estimates mlght be unreliable. This flndlng is
battery and central unit; right: subject with atted systems important, since CO computed e.g. by the well-known
Kubicek formula is proportional to LVET. An inaceue
LVET has therefore strong impact on CO estimatione
approach to solve this problem could be to use WETL

The following section presents preliminary resultgstimate extracted from heart sounds (Table IfstKilinical
obtained in several studies within “HeartCyle”. evidence for this assumption under real-life caodithas
been acquired [13] and is currently being validated

IV. RESULTS

A. PEP and LVET estimation using Heart Sound C. Pulse Transit Time and Pulse Arrival Time estinmatio

The accuracy of PEP and LVET estimation usiegrh ~ for BP inference
sounds has been investigated with healthy and CHF /We investigated using PTT and PAT as surrogate of
Coronary Artery Disease (CAD) patients. Data werabsolute BP to potentially replace cuff-based BP
acquired in a clinical setting using an electrostiethoscope measurements. We found in healthy and CHF patertsy
and echocardiography provided reference measursmoént subject-specific highly variable relation of BP VAT and

PEP and LVET. very weak relation of PTT vs. BP. Based on our ltssu
reliable BP estimation based on PTT or PAT is stibt
TABLE | feasible [16] and agrees with findings of others7][1
SYSTOLIC TIME INTERVAL ESTIMATION BASED ONHEART SOUNDS However, PTT and PAT together with standard BP aoul
Measure Population AlI)ESr?(l)lite Cgﬁglf;t?gn provide information on the vessel status currenthder
investigation being of relevance for improved C@neation
PEP Healthy 7.1+5.6 ms 0.53 [11]
LVET Health 0.87 : . .
PEP HE2CAD ﬁ:gg:g o 0.70 In addition, recent research has shown that PAT in

LVET HF&CAD  18.+17.4 ms 0.83 combination with standard BP provides informatioh o



impaired short term regulation mechanisms for Cldffgmts [5] P. Carvalho et.al., Robust Characteristic Point$@&: Definition

as a potential useful marker of a de-compensatigh [ g’;‘gtgﬁ]’:gﬁg‘{g@?gﬁ; Eiir?;igznoallsl' Int. Conf Be-Inspired

[6] M. Ulbrich et.al., Simulation of Continuous Spesitopic
V. DISCUSSION Bioimpedance Measurements for Impedance Cardiogralt.
. Workshop on Bioimpedance Spectroscopy, Chemnitd 201
Current CHF disease management lacks access ['FP J. Oh et.al., The return of cardiac time interv@ilse Phonix is rising.,
hemodynamic parameters to tailor medication therapg J. of the Am. Col. of Cardiology, vol. 42, no. §.[1471-1474, 2003
patlent dlsease status. The Concept “Hemodynanf{ﬁi T. Gillebert et.al. Time intervals and global fupaot Use and

R . limitations, Eur. Heart J., vol. 25, pp. 2185-218604
Tailoring” assumes access to CO and SVR both bei A. Steptoe et.al. “Pulse Wave Velocity and Blood€®ure Change:

clinically established measures with guideline-ecéd Calibration and Applications”, Psychophysiologyl.¢8, no.5, pp.
therapy consequences. Our approach to infer CCB&fifdat 488-493, 1976.

: " 0] D. B. Newlin, “Relationships of Pulse Transmissidimes to Pre-
home combines well-known measurement principles {6 Ejection Period and Blood Pressure”, Psychophysgiglovol.18,

assess the cardiac and vascular status using ateérog pp.316-321, 1981.
measures derived from heart sounds, thoracic impmedand [11] R. Couceiro etal., Cardiac Output from Heart SQUEMBC-2011,

pulse wave characteristics. All signals can beabdyi g?gﬁ)g@”ggg'et';t'Z%ﬂf'(sﬁ‘;)rt:i‘;e'dE)EE Engineering inetiicine and

acquired simultaneously with our developed syst@ime [12] R.P. Paiva et.al., Assessing PEP and LVET frontt&aunds:
concept design enables an easy transfer of ouoagiprto Algorithms and Evaluation, EMBC-2009, 31st Annugl Conf. of

the envisioned home scenario, where a patient shhis the IEEE Engineering in Medicine and Biology Sogi&129-33,
’ 2009

disease status by a daily measurement. This has beg; p. carvalho et. al. Comparison of Systolic Timeinal Measurement

enabled due to progress in sensor integration and i Modalities for Portable Devices, EMBC-2010, 32nchAal Int. Conf.
functional textiles of the IEEE Engineering in Medicine and Biology ®bg, 606-609,
i ) . . L. . 2010

Preliminary results obtained in several clinicald#s 141 shyy L.Y. etal., The detection of impedance cagion characteristic
within the project already show the benefit of anbined points using wavelets, Computers in Biology and Idie, vol.34,
analysis of complementary and redundant signalcesue.g. pp. 165-175, 2004 _ _
to improve the accuracy of LVET estimation using biS [15] NICCOMO cardiovascular monitonww.niccomo.com

G si Is i d of ICG. Still linicai h [16] J. Proenga, et al., Is Pulse Transit Time a godicator of Blood

PP Slgna_'s 'nStea_ 0_ | - Still, more clinic dE. Ce nas Pressure changes during short physical exercisea inyoung
to be provided, which is one focus of our ongoiagearch. population? EMBC 2010, 32nd Annual Int. Conf. QfetIEEE

Algorithms for improved CO estimations using the  Engineeringin Medicine and Biology Society, 59862010

ible in ignals hav Ir hown Dpromi i[17] R. A._ Payne et.al., Pulse transit time measurecth ftoe ECG:‘an
accessible put signals have already sho praqus unreliable marker of beat-to-beat blood pressuredppl. Physiol,

results [13]' vol.100, no.1, pp. 136-141, 2006
[18] D. R. Wagner et.al., Relationship between pulsesttdime and blood
VI. CONCLUSION pressure is impaired in patients with chronic htslire, Clin Res
. . . Card. vol.99, no.10, pp. 657-64, 2010
The “HeartCycle” project investigates new sensard a

algorithm concepts towards personalized medication
adaptation for home-based CHF disease management.
Access to the patient’s hemodynamic status at hoooéd
optimize CHF management by personalized medicéaton
avoid hospitalization and reduce treatment sidecgdfto a
minimum. This can help to improve patient compliria

CHF management, which is a essential objective haf t
“HeartCycle” project.
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