Parametric EIT for Monitoring Cardiac Stroke Volume
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ABSTRACT: The bio-impedance technique appears appropriatendo-invasive cardiac stroke volume (SV)
measurement, as the thoracic conductivity distidiouits altered during the cardiac-cycle due totthart contraction
and blood perfusion. In the present work, the fabityi of a parametric EIT for assessing the card&/ was
studied. An impedance model of the thorax was cootd from segmented axial MRI images along 1%esaf
the cardiac-cycle. The heart was simulated aslgseid, with its axes' lengths set as the recoistsn parameters,
while all other tissues' geometry and conductivitglues were kept fixed. A Newton-Raphson parametric
optimization scheme was utilized, yielding a catiein between the reconstructed and anatomicaléaftricular
volumes of 0.97 (p=2-18). An analysis of noise sensitivity showed that pineposed algorithm requires an SNR
greater than 65dB. The simulation results were @mpg to physical data, collected with a portabl& Eystem
(PulmoTracé", Cardiolnspect). The validation study was empibfer a group of N=28 healthy patients, and a
comparison with impedance-cardiography measurem@itsz®, Cardiodynamics) was performed, showing a
correlation of r=0.86 (p=4-19). The preliminary results demonstrate that pardméEIT has the potential to
measure SV, and may be applicable for both cliracal home-environment usage.

1. INTRODUCTION

As a direct indicator to the global cardiac pumping
efficiency, the cardiac Stroke Volume (SV) has majo
diagnostic value in numerous conditions, including
cardiovascular disease, congestive heart failure,
hypertension, acute coronary syndromes, coronary
artery disease, ischemia and optimization of
pacemaker or intra-aortic balloon pump. There are
big changes in the thoracic conductivity distribuati
during the cardiac cycle, due to high-conducting
blood perfusion from the heart to the various &ssu
mechanical movements of the heart, and dilation of
blood vessels. These temporal spatial conductivity
changes suggest that the impedance technique may be
appropriate for measuring the cardiac related V. |
1959, a technique called impedance cardiography was
introduced, where the stroke volume is calculated
from the changes in the transthroracic electrical
resistivity. In the most common configuratipriour
band electrodes are attached to the thorax prarsnit
from which current is injected and impedance is
measured, and the stroke volume is calculated from
the recorded signals by considering a parallelroolu
model and assuming that the impedance change is
mostly originating from the blood perfusion to the
lungs. Though compared and found in good
correlation to other SV measuring technidueso
conclusive results were obtained. One of the most
problematic issues in this technique is that only
global information is retrieved, and the relative
contribution of the various thoracic organs to tibial
impedance during the cardiac cycle is not Cle&fT
seems to overcome this limitation by solving foe th

spatial conductivity distribution. Several simudati
and in-vivo works have studied the feasibility dTE
for imaging cardiac related thoracic impedance
changes, wusually using generic EIT systems
employing either two or three-dimensional models
Still, EIT has major technical limitations, maindie

to the requirement to attach a large number of
electrodes to the patient's thorax and its high
sensitivity to measurement noise, either electraral
geometrical. EIT is therefore currently employed
mostly in research studies, using laboratory system
and is not practiced in the clinics. In the preseok,

a parametric EIT algorithm for monitoring SV was
developed. The algorithm was primarily intended to
perform fast and be less sensitive to measurement
noise, making it applicable for clinical system
embedment. The algorithm was evaluated both in
simulation and in a clinical study using a portabl&
system (PulmoTrac¥, Cardiolnspect, Tel-Aviv
University, Israel), which consists of an eight-
electrode thoracic-belt. A comprehensive technical
description of the system can be found in another
publicatiort™.

2. METHODS
21 Softwar e Design
2.1.1 EIT measurement ssimulation

A 2D high-resolution geometry of the human thorax
(AX, Ay=1.24 mm, ~50000 cells), taken from an axial
MRI scan of a woman's tor§Sowas employed for
simulating the expected measurements of an EIT
system from a physical body. A manual segmentation
was performed into eight major tissue types (figure



1), each assigned with an appropriate conductivity
value for an excitation frequency of 20 kFzThe
heart anatomical geometry during the cardiac-cycle
was extracted from time equally spaced frames of
MRI? vyielding a total of nineteen conductivity
distribution images, starting from end-diastole,
through end-systole and back to end-diastole. Eigur
1 shows two examples for the thorax anatomy used
for the model relating to end-systole (frame 10 an
end diastole (frame 1), along with the assigned
conductivity values. An eight-electrode EIT system
was simulated by associating eight, equally angular
spaced boundary-cells with the surface electrodes,
from which current can be injected and voltages are
measured. Only opposite injections were considered
for the simulations, resulting in a maximal numbér
28 independent measurementspiddons X 7relative
wlageg- The surface potentials were calculated by
solving the governing Laplace equation with
Neumann type boundary condition, valid under the
quasi-static approximation for linear and isotropic
media:
V- (oVy)= 0,0&//:{3, on electrodepositions (1)

on 0, elsewhere
wheres [S-m] is the tissue conductivityy [V] is

the electric potentialj [Am?] is the injected current

density and N is a unit vector normal to the
boundary. The finite-volume method was employed
for the discretization and the numerical solutidn o
the integral presentation of the governing equation
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Figure 1 — end diastolic phase (top) and end dgstol
phase (bottom) geometrical models

212 EIT inverseproblem algorithm

An iterative parametric optimization scheme, based
on the Newton-Raphson method, was implemented
for estimating the lengths of the major and minm@sa

of an elliptic-model left ventricle (LV). The geoing
resolution for the inverse problem algorithm was
about four times lower than that used for the fodva
simulations Ax, Ay=4.34mm, ~4000 cells) for two
reasons. First, it was preferred under operatiore ti
limitations as the iterative inverse problem invesdv
many repetitions of the time-consuming forward
solver. Second, geometrical discrepancies between
the model for the EIT measurement simulation, i.e.
the one that represents a physical measured body, a
the representative model for the EIT reconstrugtion
were inherently included. The method comprises of
guessing initial axes' lengths, appropriate forehd-
systolic phase, generating a respective low-reigoiut
conductivity distribution consisting of a proper LV
size and calculating the expected surface electrode
voltages. These voltages are then compared to the
“real" measured, i.e., simulated, voltages using a
Euclidian distance, and the axes' lengths initisgdss

is updated to bring that error-representing distaiac

a minimum. This procedure is repeated until either
the error is reduced below a certain threshold or a
predefined number of iterations has reached. The
generation of the proper conductivity distribution
map at each of the iterative stages was accomglishe
as follows. For the kiteration, the parameter vector
update &

1
Pea =P _(SkT(Pk)Sk(Pk)) STk(Pk)(‘I’s(Pk)_\l’o)

2
where R=[Iminory magor] 1S the LV axes' radii
parameter vector at the"kiteration, ys(Py) is a
concatenated vector of the surface potentials
calculated for all current injections at th& ikeration,

Yo is a similar concatenated vector containing the

measured surface voltages, aG is the K iteration

. . . ~ _ oys(P)
Jacobian matrix, defined asJ, =—>p A
constant low-resolution conductivity map was
obtained by decimating the original high-resolution
map appropriate for the end-diastolic phase (see
2.1.1) by a ratio of 2:7. This map consisted oftlal
original tissues, except that the LV was omitted an
replaced by a cardiac muscle tissue. For a certain
iteration parameters guess, an appropriate elli@zse
artificially implanted, having appropriate axes.eTh
ellipse was centered and oriented according to the
best-fit ellipse modeling the LV at end-diastoldnisT
technique was justified by the observation thairdur
the cardiac-cycle, the cardiac muscle contracts and
expands, almost entirely on the expense of the LV
domain. To avoid the geometrical discrepancies
influence on the reconstructed parameters, a
differential scheme was adopted. In that sense, the



"real" (simulated) measuremenigs, needed for the
reconstruction algorithm, were constructed by agldin
the difference voltages between a certain cardiac-
cycle phase and the end-systolic phase (as were
simulated in 2.1.1) to a reference voltages set
appropriate for an end-systolic phase, which was
generated for the same geometry used as the first
guess for the inverse solver. It is therefore tihat
algorithm is indicative only to the relative changfe

the LV size at a certain phase with respect teritd-
systolic size.

2.2 Experimental Procedure

A preliminary study was conducted on a group of 28
subjects (all males, aged 50+19 years). An inctusio
criterion for subject participation in the study sva
inexistence of a cardiac pace maker, and all stgjec
signed an informed consent. The measurement
procedure was carried out as follows: two bio-
impedance measurements were taken using the
PulmoTrac& system (figure 2) — one measurement
at end-systole (ES) and another at end-diastolg.(ED
These measurements were synchronized using a
simultaneously measured ECG signal. To ensure
minimal inter-subject variance, all measurements
were taken in similar postures on a seated subject
during tidal respiration, with the electrode belt
attached to the patients' thorax on the plane ef th
fifth intercostal space in the midclavicular linsing
conventional ECG Ag/AgCl disposable electrodes.
Eight specially designed elongation mechanisms on
the electrode belt were used for adapting the reldet
belt length to the thoracic perimeter of the subjec
ensuring a fixed angular distance between the
electrodes. In addition to the bio-impedance
measurements, the SV for each subject was measured
by the commercially available  Bi6Z

(Cardiodynamics) for a reference.

= jf

Figure 2 — PulmoTrac® measuring system

3. RESULTS
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The reconstructed LV volume was compared to the
"anatomical" volume along the 19 cardiac-cycle
frames in figure 3(a). The volumes were calculated
from the LV major and minor axes using the
following relation, known as the ellipsoid-biplane
model:

Simulation Study

8 (mmin or "'major )2

Viv =3 Tmator 3
wherer mingr andr o are taken either directly from
the  anatomical images (similar to the
echocardiography procedure) or from the last

iteration parameter vector for the "anatomical® and
reconstructed volumes, respectively. A good
correlation between the true and reconstructedegalu
can be observed (r=0.97, p-value=2*J01In figure
3(b), the stroke-volume error, measured as the
standard deviation of SV3V(ED)-V.v(ES), is
plotted versus the measuring system SNR [dB],
simulated by adding white Gaussian noise to the
measurement leads with magnitudes between 35 and

80dB, demonstrating an exponential dependence.
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Figure 3 — a. left ventricular volume vs. cardigcle
percentage out of anatomical (solid) and
reconstructed (crosses) major and minor axes. b. SV
error (dots) vs. SNR.



3.2 Clinical Study obtained data. Moreover, the current model consider
only the volume change of the LV during the cardiac
cycle, whereas a more detailed model should also
account for the blood perfusion to the peripheral
organs (and consequently the conductivity altenstio
of these tissues), as well as the geometrical
perturbations during the cardiac cycle, originang.
from the blood vessels dilation. Still, the clifica
study showed that a good correlation exists between
the stroke-volume measured using the proposed
algorithm, as embedded in the PulmoTr&csystem,
and the measurements of the reference Bisystem,
supporting the parametric reconstruction algorithm
incentive.

Figure 4(a) shows the relationship between the
PulmoTracé” and the BioZ measured stroke-
volumes. A high correlation ratio of R=0.86 (p-
value=4-10) was found between the two data sets. A
paired t-test showed that the two data measurement
sets are not significantly separated0.77). An
analysis of differences was performed (Figure 4(b))
demonstrating that the two data sets are not biased
(mean of difference is -1.3 ml), and that all saespl
but two are bounded within the2SD limits.
Additionally, no dependence of the difference oa th
mean value is apparent.
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