1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Comput Biol Med. Author manuscript; available in PMC 2023 February 01.

-, HHS Public Access
«

Published in final edited form as:
Comput Biol Med. 2022 February ; 141: 105050. doi:10.1016/j.compbiomed.2021.105050.

Optimization of Cardiac Resynchronization Therapy Based on a
Cardiac Electromechanics-Perfusion Computational Model

Lei Fanl, Jenny S. Choy?, Farshad Raissi3, Ghassan S. Kassab?, Lik Chuan Leel
1Department of Mechanical Engineering, Michigan State University, East Lansing, Michigan, USA

2California Medical Innovation Institute, San Diego, California, USA

SDepartment of Medicine, University of California, San Diego, La Jolla, California, USA

Abstract

Cardiac resynchronization therapy (CRT) is an established treatment for left bundle branch block
(LBBB) resulting in mechanical dyssynchrony. Approximately 1/3 of patients with CRT, however,
are non-responders. To understand factors affecting CRT response, an electromechanics-perfusion
computational model based on animal-specific left ventricular (LV) geometry and coronary
vascular networks located in the septum and LV free wall is developed. The model considers
contractility-flow and preload-activation time relationships, and is calibrated to simultaneously
match the experimental measurements in terms of the LV pressure, volume waveforms and total
coronary flow in the left anterior descending and left circumflex territories from 2 swine models
under right atrium and right ventricular pacing. The model is then applied to investigate the
responses of CRT indexed by peak LV pressure and (aP/ df) ;a2 at multiple pacing sites with
different degrees of perfusion in the LV free wall. Without the presence of ischemia, the model
predicts that basal-lateral endocardial region is the optimal pacing site that can best improve
(dA dh max by 20% associated with the shortest activation time. In the presence of ischemia, a
non-ischemic region becomes the optimal pacing site when coronary flow in the ischemic region
fell below 30% of its original value. Pacing at the ischemic region produces little response at that
perfusion level. The optimal pacing site is associated with one that optimizes the LV activation
time. These findings suggest that CRT response is affected by both pacing site and coronary
perfusion, which may have clinical implication in improving CRT responder rates.
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Introduction

Heart failure (HF) is a major health and socio-economic issue affecting more than 26

million people globally and about one-third of adult patients with HF have mechanical
dyssynchrony (MD), where contraction is delayed in the left ventricular (LV) free wall
relative to septum [1]. Cardiac resynchronization therapy (CRT) where the heart is paced

at the right atrium (RA) if the patient is in sinus rhythm [2], right ventricle (RV) and LV
epicardium has been an effective treatment to resynchronize contraction and improve LV
function, however, approximately 30% of patients fail to respond to the therapy [3]. The lack
of CRT response has been attributed to some modifiable factors, such as suboptimal lead
position and other patient-specific idiopathic reasons [4].

Experimental [4] and clinical studies [5,6] have provided some insights into CRT
optimization, showing that the pacing site plays an important role in CRT response

[7,8]. Clinical studies show that lateral wall pacing improves acute systolic function more
than pacing at the anterior, inferior and apical regions [9-12]. Other studies found that
endocardium pacing improved resynchronization in canine models [13,14] and patients [15]
as it produces a more physiological electric wave front propagating from the endocardium
to the epicardium. Besides pacing site, there is increasing evidence that coronary perfusion
plays an important role in CRT and can affect the response to this treatment [16-18].
Moreover, experimental work on the canine model suggests that response to CRT is
dependent on a minimal myocardial perfusion [4]. This has also been observed in clinical
study that a minimal perfusion may be required for CRT to exert its benefits [19]. Due to
the multiple confounding factors that can affect CRT, predictors of the treatment response
remain elusive, hampering patient selection and optimization of the treatment.

To address this issue, computational models have been developed to optimize CRT

by investigating the effects of each factor that is difficult, if not impossible, to

perform experimentally or clinically. These models have either considered only cardiac
electrophysiology or the coupling between cardiac electrophysiology and mechanics:

i.e., electromechanics. Computational models of electrophysiology have been applied to
investigate the effects of CRT on activation pattern [1,20]. This class of models, however,
cannot be used to investigate the effects on LV mechanical function (e.g., ejection fraction,
EF). Computational models of cardiac electromechanics can overcome this limitation. This
class of models have been used for selection pacing sites that produces the best improvement
in LV mechanical function such as maximal myocardial efficiency [21-25], LV pressure
gradients (dP/dt)max [26] and electromechanical activation sequence [1,27], as well as
electrophysiological function such as LV activation time [28]. These models have also been
used to investigate the effects of lead position relative to scar location on LV mechanical
function and hemodynamics [29] [24]. Coronary perfusion, however, is not considered in
any of these models. As such, these models cannot be used to investigate the effects of CRT
on the bi-directional interactions between LV mechanics and coronary perfusion.

Accordingly, we have recently developed a modeling framework that couples a lumped
model of the LV with coronary perfusion to investigate their interactions in the presence
of MD [30,31]. But the current perfusion cardiac models, however, cannot account for the
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spatial heterogeneity of cardiac mechanics that is associated with a realistic geometry of

the LV. To overcome this limitation, the aim of this study is to develop an electromechanics-
perfusion computational modeling framework that, for the first time, couples a finite element
LV model (LV FE) and coronary microvascular networks embedded in the myocardium to
investigate the effects of CRT on LV activation time, mechanics, coronary perfusion (under
fully vasodilated condition) as well as their interactions. Calibrated using experimental
measurements acquired from two swine models under RA pacing (to emulate normal sinus
rhythm using the normal conduction system) and RV pacing (to emulate MD arising from
left branch bundle block, LBBB), the calibrated model is applied to simulate the effects of
pacing at different sites with different degree of coronary perfusion. The findings in this
study can provide important insights in understanding the underlying mechanisms that affect
CRT responses and help optimize the treatment.

Methods

2.1. Swine experiment

All animal experiments were performed following the national and local ethical guidelines,
including the Institute of Laboratory Animal Research guidelines, the Public Health Service
policy on Human Care and Use of Laboratory Animals, the Animal Welfare Act, and an
approved California Medical Innovations Institute IACUC protocol regarding to the use of
animals in research.

Yorkshire domestic swine (n = 2) was fasted overnight and sedated with TKX (Telazol

10 mg/kg, Ketamine 5 mg/kg, Xylazine 5 mg/kg; IM), intubated, and maintained under
anesthesia with Isoflurane and oxygen. All instrumentations and interventions, including
sternotomy, were performed while the animals were well anesthetized. A surgical plane

was maintained with 1-2% Isoflurane and 100% O, to keep PCO5 at 35-40 mmHg.

Limb and precordial ECG leads were attached to the animal and cardiac electrical activity
was monitored on a Physio-Control Lifepak-12 defibrillator. Two introducer sheaths were
percutaneously inserted into the jugular vein for administration of fluids and placement

of a pacing lead, and to access the right side of the heart. A dual chamber external
pacemaker, Pace 203H (Oscor, Palm Harbor, FL, USA) and a 5F, temporary pacing electrode
catheter, 008556P (Bard, Lowell, MA, USA) was used. An additional introducer sheath

was percutaneously inserted into the right femoral artery to access the coronary arteries

and the LV. Heparin 100 1U/kg, 1V, was administered before further instrumentation, and
was then supplemented as needed. To pace the heart from the RA, the dual pacing, dual
sensing, trigger inhibition (DDD) mode was used to increase sinus rhythm, and to pace from
the RV, the tip of the pacing catheter was placed in the apical region of the RV and the
single chamber ventricular (VVI) pacing mode was used to create dyssynchrony to mimic
LBBB in patients. The pacing modes were applied in a random sequence. Pacing was turned
on approximately five minutes before adenosine injection. Changes were recorded before,
during, and after the effects of adenosine have subsided. In order to compare the LV function
and total coronary perfusion over one cardiac cycle at the same heart rate between baseline
case with normal conduction and mechanical dyssynchrony case with abnormal conduction,
RA pacing only is used to increase the intrinsic heart rate in baseline since RV pacing
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increases the heart rate. The pacing heart rate was chosen to be higher than the intrinsic heart
rate of animals [32]. Measurements were recorded under RA and RV pacing at 100 beats per
minute.

2.1.1. Left ventricular pressure—A Millar pressure catheter (\entri Cath 507),
connected to an MPVS Ultra PV loop system (Millar, Houston, Texas, USA), was advanced
from the femoral artery via the guiding catheter using a retroaortic approach to cross the
aortic valve, and the tip of the catheter was placed in the apical region of the LV. Since

we used a 5F Millar catheter, its presence through the aortic valve did not cause aortic
regurgitation, and hence, it did not affect our measurements. Pressure waveforms were
recorded using a data acquisition system (LabChart Pro, ADInstruments, Colorado Springs,
CO, USA). Both LV pressure and volume waveforms were measured with the conductance
catheter in the LV.

2.1.2. Coronary flow rate—The swine chest was opened through a midline sternotomy
and an incision was made in the pericardium with the creation of a sling to support the

heart. The left anterior descending (LAD) and left circumflex (LCX) arteries were carefully
dissected free from their surrounding tissue and a flow probe connected to a flow meter
(Transonic, Ithaca, NY, USA) was placed around the arteries. Subsequently, intracoronary
adenosine, 120ug, was injected into the left main to measure LAD and LCX flow rates under
fully vasodilated conditions during RA and RV pacing.

2.1.3. Echocardiography—Transesophageal echocardiograms were obtained using an
EPIQ 7C ultrasound system (Philips, Andover, MA) with an X8-2t transducer. Four-
chamber two-dimensional (2D) and three-dimensional (3D) echocardiographic images were
acquired with the animal placed in the supine position while simultaneously recording LV
pressure.

2.1.4. Left ventricular geometry—Anatomical model of the LV was post-processed
from the acquired 3D echocardiographic images corresponding to the time point in the
cardiac cycle where ventricular pressure was the lowest[33] using TomTec Imaging Systems
GmbH (Philips Healthcare, Andover, MA).

2.2. Cardiac-coronary computational framework

2.2.1. Closed loop circulatory system—The computational framework is an
extension from that used in previous studies [31,34]. The framework consists of an LV
FE model (with animal specific geometry) that is coupled with 4 coronary microvascular
networks in a closed loop circulatory system (Figure 1a). The modeled coronary networks
are located at different regions based on the ‘assumed” distributions of LAD and LCX
territories. Specifically, the territories perfused by the LAD1 and LCX1 networks are
located in the apical-mid region of the septum and LV free wall, respectively (Figure 1b)
[35]. On the other hand, the LAD2 and LCX2 networks are associated with the basal
regions of the septum and LV free wall, respectively. The LAD1/LCX1 accounts for 2/3
of the total coronary flow in the main LAD/LCX artery, and the LAD2/LCX2 accounts
for the remaining flow, respectively. The circulatory system consists of the left atrium
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(LA), proximal and distal peripheral arteries, and peripheral veins, each represented by
their corresponding electrical analogs. Total blood volume in the circulatory system is
conserved, so that the sum of the rate of change in each storage compartment is equal to
the difference between the inflow and outflow rates of the connecting segments. Flow rates
in each segment (representing the aortic and mitral valves, proximal and distal arteries, as
well as veins) are determined by its resistance and the pressure difference between the two
connecting storage compartments. Pressure in the storage compartments representing the
(proximal and distal) arterial and venous networks is given as a function of its compliance,
instantaneous and resting volume. Pressure in the LA is given by a time-varying elastance
function. Details are in Appendix A.

2.2.2. Finite element formulation of the left ventricle—The electromechanics
model has been described earlier [36]. Since the focus here is on the interaction between
cardiac mechanics and coronary blood flow with the interaction between electrophysiology
(EP) and coronary flow largely indirect (occurring mostly via mechanics), spatio-temporal
evolution of cardiac action potential in the LV was described using a less complex modified
Fitzhugh-Nagumo model in the monodomain formulation. This model has been integrated
with cardiac mechanics in previous animal- and patient-specific electromechanics models
[37-39]. This is also simpler [40] compared to more sophisticated EP models that consider
detailed ionic activities [41,42], which can be used if EP changes in the cell during
ischemia [43] (e.g., changes in ionic fluxes and the arrhythmogenic effects of ischemia)

is considered. Electrical propagation of the action potential is controlled by an anisotropic
electrical conductivity tensor and the electrical stimulus/stimuli that is used for prescribing
local excitation initiation and pacing. In terms of mechanics, the functional relationship
between pressure and volume in the LV (i.e., Py = AV}, D) is coupled to the circulatory
system described earlier. This relationship is obtained by minimizing a Lagrangian function
consisting of the myocardial tissue strain energy function and terms associated with the
enforcement of constraints on the following 1) Incompressibility of myocardial tissue, 2)
Zero-mean rigid body motion and rotation and 3) Cavity volume. Boundary conditions were
also imposed to prevent the LV base from moving out of plane. Mechanical behavior of

the LV is described using an active stress formulation with an active constitutive model
based on a modified time-varying elastance model [34,44] and a passive constitutive model
based on a Fung-type strain energy function [45]. Myofiber orientation was prescribed

to be helical with a transmural linear variation starting from a helix angle of 60° at the
endocardium to —60° at the epicardium [46]. To couple electrophysiology and mechanics,
the activation contraction model was modified to incorporate the local activation initiation
time that is associated with the propagation of the action potential. The LV FE formulation
was solved using the open-source FE library FEnICS [47]. Details of the FE formulation and
boundary conditions are given in our earlier work [36,48,49]. The details for postprocessing
the myocardial work density and IMP refer to Appendix C.

2.2.3. Coronary flow analysis—The coronary flow network consisting of 400 vessels,
which is described previously [30,50], is used to represent each of the 4 coronary
microcirculations (i.e., LAD1, LAD2, LCX1 and LCX2). Morphometry of the arterial tree
is pruned from a previously reconstructed coronary network [50]. Briefly, flow in each
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vessel is represented by a three-element Windkessel model consisting of two identical
nonlinear resistors and one nonlinear capacitor, which are functions of the vessel radius
and trans-vascular pressure. A homogeneous intramyocardial pressure (IMP) is prescribed
in each network. The junction of the three elements in the single vessel is the geometric
center of the vessel with an unknown pressure. The bifurcation or trifurcation node with an
unknown nodal pressure is located at the junction of the three resistors, each belonging to
a different vessel. Invoking mass conservation across different vessels produces a resultant
system of ODEs in terms of the unknown nodal pressures. The ODEs are solved using the
backward differentiation formula in CVODE (http://www.lInl.gov/casc/sundials/). Details
for the coronary flow analysis are given in Appendix B. For parameters used in flow
analysis, refer to a previous work [50].

2.2.4. Coupling of the cardiac-coronary framework—The LV and coronary models
are coupled bidirectionally at different levels in the framework. First, the proximal arterial
pressure £, , and venous pressures Py, in the circulatory system (that depends on the

LV model) serve as pressure boundary conditions in each coronary network. Total inlet

and outlet coronary flow from the LAD and LCX networks computed with these pressure
conditions are fed back into the lumped parameter model at each time step in a closed

loop manner. Second, IMP in the coronary models is prescribed using the local value of
Lagrange multiplier associated with the incompressibility constraint from the LV FE model,
as the Lagrange multiplier has been associated with the hydrostatic pressure of the fluid-like
ground matrix of the biological tissue [51,52]. We note here that the IMP is different for
each network, which is located at different locations in the LV. Third, local myocardial
contractility in the LV is determined by the coronary flow based on a contractility-flow
relationship that is described next.

Contractility-flow relationship: Based on experimental observations of “perfusion-
contraction matching” in the ischemic myocardium as described by Ross et al. [53] and
Schulz et al. [54] and other experiments [31,53,55,56], a linear relationship between the
regional myocardial contractility, Trhax, and total coronary flow (over a cardiac cycle) in
each local region of the LAD (i.e., Q_ap1 and Qpap2) and LCX (i.e., QL cx1 and Qrcx2)

is prescribed (Figure 1c). While a contractility-flow relationship is established largely based
on acute ischemia studies, such a relationship also holds in chronic ischemia when viable
hibernating myocardium is present even though it is likely to be altered [57,58]. This
relationship should also hold in the non-ischemic tissue. To describe this relationship,
regional 7,4 is prescribed to vary linearly with the corresponding regional total coronary
flow with a gradient &; when the flow is smaller than a prescribed value Qp. Based

on experimental finding that myocardial contractility (indexed by % change in LV wall
thickness) is unchanged with the injection of adenosine [54], 7,axis prescribed to remain
unchanged when coronary flow is greater than Q. We note that the transition point of the
contractility-flow relationship @y is different for the LAD (i.e., @, ap and Q; app) and LCX
(i.e., Q; cxa and Q; cx) networks, but the slope 4 is prescribed to be the same in each
animal. The values of @ and 4; are determined based on animal-specific measurements

in the swine model as explained later. As such, any changes to the flow in the coronary
network will affect the regional contractility associated with it, which in turn, will affect the
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regional IMPs and the coronary networks’ perfusion pressure that further affect the coronary
flow in a closed loop feedback.

2.2.5. Model calibration and simulation cases—The computational framework is
first used to simulate RA pacing by assuming the LV myocardium is activated uniformly.
Parameters in the framework are calibrated to obtain the waveforms of LV pressure, volume,
and total passive coronary flow in the LAD and LCX that agree with those measured from
the 2 swine models under RA pacing condition in experiments. In the lumped model, the
parameters are selected based on previous work [59], which are then adjusted to match the
data. Specifically, the arterial compliance (Cg), the peripheral arterial resistance (Rpe,), the
arterial resting volume (V,g), and the initial value for the arterial volume (V) are varied
to adjust both the peak and the end systolic arterial pressures. The LV volume waveforms
are adjusted by the initial value of the LV volume (V) in a pre-loading phase prior

to simulation of the cardiac cycle, as well as the venous compartment’s resting volume
(Viem)- The contractility-flow threshold Qg associated with the LAD and LCX territories
are prescribed directly from measurements under fully vasodilated condition during RA
pacing. Parameters used in the LV FE model are from previous work [45,60] and adjusted
to match the experimental measurements. All parameters used in coronary models are from
previous works [30].

The model is then applied to simulate MD in each swine model by stimulating the LV at the
septum that is close to the apical region to produce a delayed contraction in the LV free wall
with respect to the septum (i.e., mechanical dyssynchrony) that is found in RV pacing match.
As explained in Section 3.1, MD associated with RV pacing in the swine model resulted in
a reduction in LV peak pressure, preload as well as passive coronary flow in the LAD and
LCX. To accommaodate the reduction in preload associated with MD (due to atrioventricular
dyssynchrony) as seen in the experiment, we define a linear relationship between V.0

and the change in activation time with respect to that in RA pacing At This approach is
similar to a recent study on canine model, which included the ventricular preload variation
due to the atrial contribution via alterations of a lumped parameter model of the circulatory
system [61]. The slope 4, of the V0 — Atrelationship is prescribed to match the measured
LV volume reduction under RV pacing. To accommodate the simultaneous reduction in LV
peak pressure and passive coronary flow in the LAD and LCX territories, we determined
the contractility-flow gradient &; associated with these territories that can simultaneously
reproduce coronary flows and LV pressure waveform as measured under RA and RV pacing
in the experiment. We note that only 2 parameters (k1 and k) are determined in the
calibration of model based on measurements in the swine model under RV pacing. Based on
the determined slopes 4; and & of the contractility-flow and V.o — At relationships, the
computational framework can predict waveforms of LV pressure, volume, and total passive
coronary flow in the LAD and LCX acquired under both RA and RV pacing from the same
swine model as shown later.

Since the model is calibrated using measurements acquired from the same swine model
under both RA and RV pacing, the model is applied to simulate the effects of CRT with
different pacing locations in the LV free wall with and without the presence of ischemia.
Ischemia is imposed in the LCX2 territory in the framework by increasing the resistance of
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the most proximal vessel of the corresponding flow network, which in turn, reduces flow
to that territory. Electrical conductivity velocity is linearly reduced with the reduction of
coronary flow in ischemic region. When the coronary flow in ischemic region is 10% of
that original value, electrical conductivity velocity in the ischemic region (0.88mm/ms) is
prescribed to be about half of that in the non-ischemic region (2.08mm/ms) [26,62].

3. Results

3.1 Model calibration based on measurements of RA and RV pacing

The calibrated model predicted waveforms of the LV pressure, volume, PV loop and total
passive coronary flow over one cardiac cycle in the LAD and LCX are close to the
corresponding measurements under RA pacing (Figure 2). Specifically, averaged absolute
differences (of the 2 swine models) between the measurements and model predictions for
the peak LV pressure and (dP db) max are 4% and 6%, respectively. The model predicted
LV end-diastolic volume (LVEDV), LV end-systolic volume (LVESV) and ejection fraction
(EF) match with the experimental measurements. Difference between model prediction and
measurement of the total coronary flow over a cardiac cycle in the LAD (Q; ap= Q1 ap1 +

Qs amp) and LCX (Qrcx= Qroxa + @1 cxe) are 6% and 4%, respectively.

In the experiments, RV pacing reduces (cf. RA pacing) peak LV pressure, (dP df) max,
LVEDV and passive coronary flow in the LAD and LCX by 19+ ImmHg, 134+ 63mmHg/s,
16x1ml, (10£5)x 10~2ml, (2+1)x 10~2ml in the 2 swine models. These changes were
applied to calibrate for the gradient of the contractility-flow relationship &1 and Vg — At
relationship 4. With other model parameters fixed from the calibration with measurements
of RA pacing, we found that prescribing &1 = 1.25+1.06 kPa/m/ (for the 2 swine models)
and A, = 5.60+0.19m/ ms (for the 2 swine models) in the computational framework

with simulation of MD (that resulted in a longer LV activation time of 82+ 3ms) can
simultaneously reproduce the hemodynamic changes seen in the experiment (Figure 2).
Specifically, the averaged absolute difference between the experiments and simulations of
RV pacing in the peak LV pressure, (dP/dD max LVEDV, LVESV, EF, and total passive
coronary flow over a cardiac cycle in the LAD and LCX (Q; apand Q; cx) are 3%, 13%,
4%, 2%, 11%, 1% and 4%, respectively. The calibrated gradient k; of the contractility-flow
relationship resulted in an average reduction of the contractility by 11+5% and 4+3% in
the LAD (region 1 and 2) and LCX (region 1 and 2) territories associated with RV pacing.
On the other hand, the calibrated gradient 4 of the V|, — Atrelationship resulted in an
average increase in V|, by 8%. In one animal, we found necessary to include an increase
in the afterload by increasing the parameter £, yby 40% to match the changes in LVESV
associated with RV pacing. In the simulation, RV pacing reduces (cf. RA pacing) peak
longitudinal strain, peak circumferential strain and regional myocardial work density in the
septum and LV free wall by 6%, 15%, 49mmHg and 43mmHg, respectively (Figure 2e—g).

3.2 Model predicted response of CRT

3.2.1 CRT response to MD without ischemia—Based on the model parameters as
well as the Vg — tand 7., — Qrelationships calibrated from the measurements, the
computational framework was applied to simulate the effects of multiple different pacing
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sites in the LV free wall that are each superimposed onto the MD model. The responses

at these pacing sites in terms of the peak LV pressure, (dP d) max LV EF, Q1 ap1, Q1 a2,
Qrcx1, Qrexe, peak e -and ey, and myocardial work density in septum and LV free

wall, W apand W, cx, were evaluated (Figure 3). The model predicted that CRT pacing
at the endocardium of the basal-lateral wall region elicits the shortest activation time and
produces the best improvement in LV function (indexed by peak LV pressure and LV EF)
and coronary flow. Specifically, pacing at the basal-lateral endocardial region produces an
average increase in the peak LV pressure, (P df) nax LV EF, and total coronary flow in the
LAD and LCX (Q apand Q; cx) by 21+ 3mmHg, 180+ 40mmHg/s, 13+ 1%, (7+ 2)x 1072
ml and (3£ 1)x 1072 ml, respectively (Figure 3a—c). Besides, the peak absolute value of the
global circumferential and longitudinal strains, e..and ¢;, myocardial work density in the
septum and LV free wall, W, 4pand W, cx, were also improved, on average, by 11+2%
and 5%, 36+5% and 35+6%, respectively, when pacing at that location (Figure 3d). The
representative LV pressure waveform, PV loop, total coronary flow in the LAD and LCX,
e;cand ey waveforms, and myocardial work density under RA pacing, RV pacing and CRT
associated with the optimal pacing site are shown (Figure 4a—f). In terms of the activation
pattern, pacing at the basal-lateral endocardial region resulted in that region contracting
synchronously with the septum. As a result, the latest activated region is located at the apex
(cf. LV free wall in MD) (Figure 4g-h). The time taken for the whole LV to be activated

is reduced by 34ms when pacing at the basal-lateral endocardial region. We note, however,
that pacing at the optimal site cannot fully recover the hemodynamics indices to those at the
baseline (i.e., RA pacing).

3.2.2 CRT response to MD with ischemia—In the presence of regional ischemia

at the basal-lateral wall region (that corresponds to the optimal pacing location, b-endo,

as described above when ischemia is not present), a different optimal pacing location is
found among the same sampled pacing sites when total flow of the LCX2 network is
reduced below a threshold. The threshold flow at which the optimal pacing location switches
from the ischemic basal-lateral endocardial region to the non-ischemic mid-lateral epicardial
region is at 30% of that its original value (without occlusion) (Figure 5). When flow is

less than 30% of its original value, pacing at the ischemic region becomes sub-optimal as
compared to pacing at a non-ischemic region (mid-lateral epicardium) in improving the peak
LV pressure, (dP/d) max LV EF and activation time, At

When coronary flow in LCX2 is reduced to 10% of its original value, pacing at the ischemic
regions (b-endo and b-epi) elicit little responses in improving the LV function and coronary
perfusion as compared to the rest of the pacing sites (Figure 6). Pacing at the epicardium

of the non-ischemic mid-lateral region elicits the best improvement in peak LV pressure,
LV EF, coronary flow, peak strain and myocardial work density when the responses of the
2 swine models are averaged (Figure 6). Specifically, the peak LV pressure, (dP df max LV
EF, and total coronary flow in the LAD and LCX (Q; apand @y cx) are increased by 13+
4mmHg, 118+ 29mmHg/s, 11+1%, (4+1)x 10~2ml and (10+4)x 10~3ml, respectively, with
pacing at the mid-lateral region. While pacing at the mid-Ilateral region produces the best
average response across the 2 swine models, we note, however, that the optimal pacing

site varies between the models. The optimal pacing site for both models, nevertheless, is
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located at a non-ischemic region (i.e., basal-inferior epicardial region in one and mid-lateral
epicardial region in the other) (Figure 6f). Compared to the case without regional ischemia,
optimal pacing also produces less improvement in the peak LV pressure, (dP df) max LV

EF, and total coronary flow in the LAD and LCX (Q; apand @y cx) when ischemia is
present. Last, a positive linear correlation between the increase in (dA df) ,,ax and reduction
in activation time ¢is found in the model when tabulating these variables across different
pacing sites with or without the presence of ischemia. Because of the optimal response is
less when ischemia is present, the gradient of this relationship is lower with ischemia (4.35)
than that without ischemia (6.92) (Figure 6e).

4. Discussion

Based on the model predictions, the major finding is that the response of CRT in improving
LV function (including LV volume, deformation and work) is determined by the location

of the pacing site and the degree of coronary perfusion at that site. First, we show

that the simultaneous decrease in peak LV pressure, (dP/dY) yax LV EF, total coronary

flow in the LAD and LCX territories seen in RV pacing swine model with MD can

be reproduced in the model by a prescribed contractility-flow relationship and preload-
activation time relationship. The latter relationship is to account for a change in preload
due to atrioventricular dyssynchrony. Second, without the presence of ischemia, pacing at
the basal-lateral endocardial region produces the shortest activation time of the LV that is
associated with the best improvement in LV function as indexed by the peak LV pressure
and (dPldd max- Third, in the presence of ischemia with perfusion dropping below 30% of its
original value, pacing at the ischemic region elicits little favorable response and the optimal
pacing site is shifted to a non-ischemic region. Fourth, the optimal pacing site is associated
with one that minimizes the LV activation time.

To the best of our knowledge, this is the first study where a computational model coupling
cardiac electromechanics and coronary perfusion is applied to optimize the acute CRT
response. Calibrated based on animal-specific measurements of coronary perfusion and

LV function, the model also considers the coupling between contractility and myocardial
perfusion in addition to other interactions between LV and coronary perfusion (i.e., IMP
and perfusion pressure). Cardiac electromechanics models have been developed in previous
studies to optimize CRT and investigate the relationship between LV pacing site and
changes in cardiac function such as acute hemodynamic response [29,63,64], stroke work
[29], electromechanical delay [27], LV electrical activation time [63]. These models were
developed based on canine [27], idealized human [29], patient-specific [63,64] ventricular
geometries. A personalized electromechanics model using patient specific estimates of
myocardial conductivity and contractility parameters from cardiac MRI was also developed
to optimize CRT [26]. None of these studies, however, have considered the coupling

of coronary perfusion with cardiac electromechanics. We address this limitation in this
study. Based on the electromechanics-perfusion framework calibrated with animal-specific
measurements of coronary flow and LV hemodynamics, we show that MD and CRT affect
regional coronary perfusion and the corresponding myocardial contractility, which in turn,
further affects the IMP and perfusion pressure that cause further changes to coronary
perfusion in a feedback loop. The coupling of coronary perfusion and LV mechanics in
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this computational framework can provide important insights to the underlying mechanisms
that affect CRT responses as we now elaborate.

Effects of pacing sites on CRT response

Without the presence of ischemia (defined as regions with low coronary flow), our model
predicts that the basal-lateral endocardial region is the optimal pacing site that produces the
greatest reduction in activation time (i.e., A= 34ms) and elicits the greatest improvement
in LV function (Figure 3a). This result is largely in agreement with clinical studies showing
that the optimal pacing site in most heart failure patients with MD is the one at the

latest activated region, that best correct the activation pattern, and is usually associated

with the shortest activation time [5,65,66]. Specifically, Zanon et al. [65] showed in a
clinical study that there is an inverse linear correlation between the paced QRS duration
(related to the activation time) and (dP df) ,,ax, that is consistent with the linear relationship
between changes in (dP/dl) ;a2 and activation time as found here (Figure 6e). Positive linear
correlation between improvement in (dP df) ;2 and reduction in activation time #has also
been reported [29,67,68]. Correspondingly, Zanon et al. proposed that the optimal pacing
site should be located at the latest activated region that is also consistent with our findings.
In relation to this study, it is also shown that pacing at the apical region is associated with
an unfavorable clinical outcome mostly due to its proximity to the RV lead that, in principle,
will only have little effect in reducing the activation time [5]. This result is also consistent
with our findings that pacing at the LV apex produces the least improvement in LV function
(Figure 3) [5]. In terms of chronic response, Gold et al. also showed that left ventricular
electrical delay, as measured by the QLV interval, at the site of LV pacing was significantly
and independently associated with reverse remodeling and improved outcome with CRT
[66]. Besides clinical studies, our findings are also consistent with that from a computational
study based on the CircAdapt modeling framework, which showed that in LBBB without
ischemia, pacing at the LV free wall region most distant from the septum produces the most
improvement in LV function as indexed by stroke volume [22].

Between pacing at the epicardial and endocardial basal-lateral wall regions, our simulation
results show that pacing at the latter results in a shorter activation time (50ms vs. 54ms).
This result is consistent with those found in computational studies, which show that the
hemodynamic function is increased more, and the activation time is shorter when pacing at
the endocardium than at the epicardium [13,69]. Clinical studies have also shown that LV
endocardial pacing reduces QRS duration and increases LV (aP df) ;2 more than pacing at
the epicardium [14].

Model predictions of the magnitude of optimal CRT responses with an improvement of
(dP dh max by 20% when pacing at the basal-lateral wall (Figure 3b) is also comparable to
those found in the clinical studies, where optimal pacing placement has been found to be
associated with the greatest improvement in (dP df) g2 by 12%—-23% in CRT [70,71].

Effects of coronary perfusion on CRT response

With the presence of ischemia caused by a reduction in LCX2 coronary flow to the
basal-lateral wall region (Figure 1), our model predicts that the optimal pacing site in
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CRT switches from the basal-endocardial region to the mid-lateral epicardial region (non-
ischemic region) when the flow falls below 30% of its original value (Figure 5). Below that
30% perfusion threshold, pacing at the ischemic (basal-lateral) region elicit only minimal
favorable response. This result is consistent with an experimental canine study, which shows
that pacing in the ischemic region (induced at the lateral wall region) produces a smaller
response in improving (dP! dd max by 25% when myocardial perfusion in the LCX is less
than 66% of its original value[4]. This magnitude is comparable to that found in our model,
where the improvement in (dP/ dl) ;,ax is reduced by 41% when perfusion level is at 70% of
its original value (Figure 5b).

The improvement associated with optimal pacing is also less with ischemia when compared
to that without ischemia (Figure 3 and 6). Our model predicts that the improvement in
(dP ) yax Was reduced from 20% to 4% with optimal pacing when regional flow is reduced
by 90% in the LCX2 network (Figure 3b and 6b), which is comparable to previous studies.
For example, CRT response is found to be reduced in patients with a posterolateral scar (that
impairs contractility) [23] and it is estimated from computer modeling that the improvement
in (dP db) max decrease from 85% to 21% when a severe scar is present [23]. CRT response
is also found to be negatively correlated with scar size [72]. That study, however, does

not consider the interaction between coronary perfusion and ventricular mechanics. In the
presence of ischemia, our results suggest that below a perfusion threshold, the optimal
pacing site resides in a non-ischemic region that can vary between animals (though on
average, it is located at the mid-lateral wall region) (Figure 6f). This variation may be
attributed to local anatomic variations [73]. Moreover, our result also shows that the positive
linear correlation between the increase in (dP df) ;ax and reduction in activation time ¢
persists in the presence of ischemia, albeit with a lower gradient due to the reduction in
CRT response (Figure 6e). As such, the optimal pacing site still resides at a location that
minimizes the activation time of the LV in the presence of ischemia. Our simulation results
showing the departure of the best pacing site (with the most optimal activation time) away
from the basal lateral region in the presence ischemia may explain, in part, the less favorable
outcome of CRT in ischemic HF population. This is because while it is recommended that
patients be treated for ischemia either medically or with revascularization prior to CRT

[74], a sizable subset of ischemic HF patients either have incomplete revascularization or
are deemed sub-optimal candidates for revascularization [75] (e.g., in no-option patients
who have refractory angina [76]). As such, a clinically applicable individualized and patient-
specific computational model that considers both cardiac electromechanics and perfusion
may help optimize CRT so that more patients can benefit from this life-saving therapy.

There are some limitations associated with this study. First, coronary flow regulation is

not considered and so, the model is only able to predict the effects of CRT on coronary
flow under maximally dilated condition. As such, the model results are applicable when
coronary flow reserve is close to 1. Second, transmural heterogeneity in coronary flow (i.e.,
lower passive coronary flow in the subendocardium) and the presence of subendocardial
ischemia is not considered here. Third, RV is not considered in this modeling framework
and the model does not account for inter-ventricular interactions. We note, nevertheless,
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that previous computational models [29,77] on MD and CRT are also based on LV only.
Fourth, the number of swine model is 2 which may not be sufficient for statistical analysis.
Fifth, due to a limited experimental data, only a linear contractility-flow relationship is
prescribed in this work. Lastly, we did not consider the effects of remodeling (of the
coronary vasculature and heart) that occur in chronic heart failure. We have only considered
the effects of CRT on acute ischemia as a first step in coupling cardiac electromechanics and
coronary perfusion. Future work will consider remodeling and the effects of CRT on chronic
ischemia that is more clinically relevant to CRT patients.

5. Conclusion

In this study, we developed a coupled electromechanics-perfusion computational modeling
framework that is calibrated with experimental measurements from a swine model measured
under RA and RV pacing. The model was then applied to simulate the effects on LV
mechanics and degree of coronary perfusion from pacing at different sites in CRT. The
simulation results show that CRT response is affected by the degree of coronary perfusion,
and the optimal pacing site is located at a non-ischemic region that minimizes the LV
activation time. This model can be translated to optimize CRT offline before the procedure
in the clinic with non-invasive estimation of LV geometry, coronary flow, systolic and
diastolic LV pressure from 3D Echo, transthoracic Doppler echocardiography [78], blood
pressure measurements [79] and Doppler trans-mitral flow velocity [80], respectively. Since
CRT implantation involves some form of catherization for lead placement [81], quantities
required for calibrating the model can also be acquired during implantation and applied to
optimize the treatment in real-time with the construction of a reduced-order model [82] from
the computational modeling framework. Given that implanting of two LV pacing leads are
shown recently to improve acute hemodynamic response with respect to single-site CRT
clinically [83], the model can also be readily extended to simulate dual or multiple-site
pacing by including more stimulation sites in future studies. Last, the model can also be
extended to consider the propagation of electrical impulses in the Purkinje fiber network
and the effects of ischemia on the conduction velocity of the Purkinje cells to simulate new
conduction system pacing (CSP) therapies [84]. In summary, this model-based approach is
promising to be applied to chronic study for patients.
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Appendix A: Closed loop systemic circulatory model

The governing equations of the closed loop system are given as follows,

dVipat)

—a - Gven(®) = Gmu(?)s )]
dViy(t

%() = gmu(t) = dao(0), @
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dV g, p(1) 2 2
= = ao() = 4,y = D qrap.D) = D drex, o), ®)
dv, 4
2—’;1 =dq, p(t) — g, d(t)v 4
AV pen() 2 2
% = qq,d(t) = Guen(®) + Zi _19L4D,i(H) + Zi _49cex, i), ©)

where V4, Vi Vap Vagand Ve, are the volumes of the five compartments with the
subscripts denoting the LA, LV, proximal and distal peripheral arteries and peripheral veins,
respectively.

Flow rates in the aortic, proximal and distal peripheral arteries, venous and mitral valve that
denoted bY Gz, G200 Gach Grenand gp, are determined by each segment’s resistance R,
Rap Raa Rvenand Ry, and the pressure difference between the two connecting storage
compartments as

Pry(t) — P, p(1)
—  =F P P
Gao(t) = R, Lv(t) 2 a,,,<t>’

0 PLV(t) < Pa,p(t)

(6)

Py p(t) — Py q(1)
1) = =g, )

P, () = Pyen(t)
Ga,d®) = a’dR—dUen, (8)
a,

P, (t) — Py A(1)
Quen (1) = %» ©

Pya(t) — Pry(t
M Py (1) = Pry(t)
Amy(t) = mo s (10)

0 Pra(®) < Pry(d)

where Py, P Paa Prenand Py are the cavity pressures, respectively. In Eg. (3) and (5),
grapjand g, cx jare the flow rates associated with coronary networks of the LAD and LCX
at different location /. Pressures in the storage compartments representing the peripheral
(proximal and distal) arterial and venous networks are given as

Vo)=YV,

P _ a,p() a, p0 (1)

“r Ca,p ’
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) 12
Cod (12)

s 13
Coen “3)

where (V 50, Va0, Viero) are the prescribed (arteries and veins) resting volumes, and (G p,
Ca 0 Cren) are the prescribed total (arteries and veins) compliances.

Time-varying elastance model of the left atrium

The pumping characteristics of the LA is represented by a time-varying elastance model

[30]. The LA’s instantaneous pressure, P,

A IS related to the instantaneous volume, V; 4, by

a time-varying elastance function, ¢; 4(? given as fellows

Pra(Via®),t) = ep s Pos(VLa®) + (1 — ep a() Pog(V L 4(1)), (14)

where
Pos(VLa®) = Eos, AV LA®) = VL A0)s (15)
Peg(Vipa®) = Apalexp[BLa(Via®) —Viao) =1}, (16)

. p 1 V4 3
®) 5[(”"m’ “2)7" l] = ETmax’ M 17
erA =
—exp|—|t — —3Tmax’ LAl t> ET
3 p 7 < 54 max, LA

In Eq. (14), P.sand Pgyare the end-systolic and end-diastolic pressures, respectively.
Ees.1 4 1s the maximal chamber elastance of LA, V] 49 is the volume at zero end-systolic
pressure, and both A; 4 and By 4 are parameters defining the end-diastolic pressure volume
relationship of the LA. In Eq. (17), Tjnax 1.4 is the time to end systole and z; 4 is the

relaxation time constant.

Appendix B: Coronary flow

Flow in each vessel of the coronary network is modeled by a non-linear three-element
Windkessel electrical representation. Applying mass conservation at the Windkessel’s

internal (‘mid”) node in each single vessel
equation (ODE)

Pl,— P
in mi +

fresults in the following ordinary differential

i i
out — 'mid d

Ri R}

+ E[Ci(PiT — Phig)| =0, @)
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where P/ is the intramyocardial (extravascular) pressure (IMP) imposed on the vessel. In
Eq. (1), A1 and R, are the resistances assumed to be the same and given as

Y @

and Cis the capacitor as

_ 6(77 : R(t)zL)

= : ©)
0(Pmia(t) — Pr(1))

In Eqg. (2) and (3), L and R(J) are the length and radius of a single vessel, and yis a

blood viscosity, which is assumed to be a constant to simplify the flow analysis [85] (Figure
B1a). Under passive conditions, mechanical behavior of the vessel consists of the intrinsic
passive mechanical behavior. As such, the vessel’s radius is a function of the instantaneous
trans-vascular pressure AP at each time point of a cardiac cycle given by

2 (o

A,— B AP —
R,(AP)=B,+ L2 —F £+arctan—(pp , (4)
P p p p

where Apand By, are, respectively, the asymptotical highest and lowest radii corresponding
to the highest positive and lowest negative trans-vascular pressure, ¢y is the trans-vascular

pressure according to the mean radii A, and B, and C, is the passive response bandwidth.
Under passive condition, /), in Eq. (4) is used to calculated resistances and capacitance in

Eqg. (2)—(3). Flow in a single vessel is governed by the Poiseuille relation as

7 RO (Pin(t) = Poe())

o) = SuL ®)

where (9 is the flow rate and (P8 — P, AD) is the pressure difference between the
vessel’s inlet and outlet. Mass conservation is satisfied in the coronary network at each nodal
position connecting the vessels i.e.,

i o=
D _,0i=0, (®)

where @Q;is the flow in each vessel and jis the number of vessels connected to the node
(e.g., /= 3 for a bifurcation and j = 4 for a trifurcation) (Figure B1b). As the resistance
and capacitance are not constants and depend on the flow conditions, the resultant system
of ODEs with P!, of the vessels as the unknowns is non-linear. The system of ODEs is

solved using the backward differentiation formulas method with pressure at inlet and outlets
prescribed. The flow rate Q(2) in the source vessel and the sum of the flow rate Q(2 in all
terminal vessels are used as g, for each vessel network, respectively. For the parameter
values used in the flow analysis Eqgs. (1)—(6), refer to a previous work [50].
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Figure B1:
a. Electrical non-linear analog of the segment lumped model; b. Single bifurcation three-

vessel network.

Appendix C: Analysis of strain and myocardial work density

Results from the computational framework were obtained from each simulation case.
Following Kerckhoffs et al. [77,86], local myofiber work density in a cardiac cycle is given
by the area of the myofiber stress-strain loop i.e.,

Wy= / . Srr-dEyy, 6
cardiac cycle

where Sgrand Egare PK2 fiber stress and Green-Lagrange fiber strain, respectively. The
local myofiber stress-strain loop area represents the net work performed by cells locally in
the tissue [87]. As such, there is a basis for using area of the myofiber stress-strain loop as
an index for local work density performed by the cell.

Regional myocardial work density Wjywas obtained based on the values at around 10.000
randomly distributed locations at the septum and LV free wall. The number of points

was determined to be sufficient for convergence (i.e., the distributions do not change

with the inclusion of more points). Normal (Euler-Almansi) strains in the circumferential
(eco) and longitudinal (ey) directions were computed with end-diastole serving as the
reference configuration. Details of strain calculation can be found in[59]. Total coronary
flow from each coronary microvascular network at septum and LV free wall was computed
by integrating the flow rate g; ap; 1 cx{ 9 over 930 the cardiac cycle.

Appendix D

Results for one swine model are given in Appendix D. The comparison between
experimental measurements under RA pacing and model predictions in baseline case in
terms of the LV pressure and volume waveforms, LV PV loop and total coronary flow are
shown in Figure D1. The comparison between experimental measurements under RV pacing
and model predictions in MD case in terms of the LV pressure and volume waveforms,
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LV PV loop and total coronary flow are shown in Figure D2. The comparison of model
predicted waveforms in baseline, MD and CRT cases is shown in Figure D3. Responses of
CRT at multiple pacing sites to MD without ischemia are shown in Figure D4. Responses of
CRT at multiple pacing sites to MD with ischemia are shown in Figure D5.
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Figure D1:

Comparison of the model predicted (base) and experimentally measured (RAP) waveforms
in baseline case in terms of the a. LV pressure; b. LV volume; c. LV PV loop; and d. total
coronary flow in the LAD and LCX.
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Comparison of the model predicted (MD) and experimentally measured (RVP) waveforms in
mechanical dyssynchrony in terms of the a. LV pressure; b. LV volume; ¢. LV PV loop; and
d. total coronary flow in the LAD and LCX.
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Figure D3:
Comparison of the model predicted waveforms in terms of the a. LV pressure; b. PV loop; c.

total coronary flow rates in the d. e, €. ¢y and f. SgEgeloop.
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Figure D4:
Responses of CRT at multiple pacing sites in terms of a. the peak LV pressure

and IMP; b. (dPId}) paxand LV EF; ¢. Qp apand Q; cx; and d. ez, ey Wi apand

W, cx. “b-epi”, “b-endo”, “b-ant”, “b-inf”, “m-lat”, “m-ant” and “m-inf” denote “basal-
epicardium”, “basal-endocardium”, “basal-anterior epicardium region”, “basal-inferior
epicardium region”, “mid-lateral epicardium region”, “mid-anterior epicardium region”,
“mid-inferior epicardium region”, respectively.

Comput Biol Med. Author manuscript; available in PMC 2023 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fanetal.

A P(mmHg)

A Q(ml)

16 100

14 90

12 -

8 £ 70

6 g

1 E 60

9 <1 50

0 40

2y MPLap  IMProx dP /dt LV EF
3.5x1072 d -

2.5

2.0

1.5 Aih] § )
1.0 e
0.5 J i h 2
0.0 —_— 1t

—0.5

Page 22

o

S O ®© ©

(S

[ b-epi MM b-endo EEEH b-ant [ b-inf
O m-lat @A m-ant [0 m-inf 0 apex

|| Ischemic region
Optimal pacing site in ischemia case

Figure D5:

Responses of CRT at multiple pacing sites in terms of a. the peak LV pressure

and IMP; b. (dPld}) paxand LV EF; ¢. Qp apand Q; cx; and d. ez, ey Wi apand

W, cx. “b-epi”, “b-endo”, “b-ant”, “b-inf”, “m-lat”, “m-ant” and “m-inf” denote “basal-
epicardium”, “basal-endocardium”, “basal-anterior epicardium region”, “basal-inferior

epicardium region”, “mid-lateral epicardium region”, “mid-anterior epicardium region”,
“mid-inferior epicardium region”, respectively.
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Appendix E

Results for the other swine model are given in Appendix E. Responses of CRT at multiple
pacing sites to MD without ischemia are shown in Figure E1. Responses of CRT at multiple
pacing sites to MD with ischemia are shown in Figure E2.
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epicardium”, “basal-endocardium”, “basal-anterior epicardium region”, “basal-inferior
epicardium region”, “mid-lateral epicardium region”, “mid-anterior epicardium region”,
“mid-inferior epicardium region”, respectively.
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Figure E2:
Responses of CRT at multiple pacing sites in terms of a. the peak LV pressure

and IMP; b. (dP/df) paxand LV EF; ¢. Qp apand Q; cx; and d. eq, ey Wi apand
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epicardium”, “basal-endocardium”, “basal-anterior epicardium region”, “basal-inferior
epicardium region”, “mid-lateral epicardium region”, “mid-anterior epicardium region”,
“mid-inferior epicardium region”, respectively.
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Highlights

. A novel electromechanics-perfusion computational model based on animal-
specific geometry and measurements is developed.

. The relationship between contractility and myocardial perfusion is
considered.
. The calibrated model is applied to optimize cardiac resynchronization therapy

(CRT) response.

. The effects of pacing site and degree of coronary perfusion on CRT response
are investigated.
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a. Schematic of the cardiac-coronary computational framework that couples the LV FE
model and 400-vessel coronary networks in the LAD and LCX in a closed loop system. In
the figure, pressures (P), volumes ( V), flow rates (g), resistance (/) and compliances (C)
are denoted with subscript “a,d, a,p, ao, mv, ven” indicating that of the distal peripheral
arteries, proximal peripheral arteries, aortic, mitral valve and peripheral veins, respectively;
b. AHA segment of the LV model with the perfusion regions (indicated by different colors)
corresponding to the 4 coronary networks LAD1/2 and LCX1/2; c. Prescribed 72— Q

relationship in the LAD and LCX territories.
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0

Comparison of the model predicted and experimental results under RA pacing (RAP) and
RV (RVP) pacing in one of the swine model. a. LV pressure; b. LV volume; c. LV PV loop;
and d. total passive coronary flow in the LAD and LCX. Model predicted a. longitudinal
strain; b. circumferential strain; and c. stress-strain loop (S — septum, FW — LVFW)). Refer
to Figure D1-D2 in Appendix D for the other swine model.
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Figure 3:
Responses of CRT at multiple pacing sites in terms of a. the peak LV pressure and

IMP; b. (AP d}) maxand LV EF; ¢. Qrapand @, cx; d. e e, Wi apand Wy cx;

and “b-epi”, “b-endo”, “b-ant”, “b-inf”, “m-lat”, “m-ant” and “m-inf” denote “basal-
epicardium”, “basal-endocardium”, “basal-anterior epicardium region”, “basal-inferior
epicardium region”, “mid-lateral epicardium region”, “mid-anterior epicardium region”,
“mid-inferior epicardium region”, respectively. Refer to Figure D4 and E1 for the responses
of each swine model
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Figure 4:
Comparison of the model predicted waveforms in terms of a. LV pressure; b. PV loop; c.

total coronary flow rates in the d. e, e. ¢y and f. SgrEgrloop in baseline, MD, and CRT
cases associated with 1 swine model. Activation pattern of the LV in g. MD; h. CRT cases.
Solid lines denote isochronal lines in the activation patterns. Refer to Figure D3 for the other
swine model
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Figure 5:
Responses of pacing at the ischemic region (b-endo) with different degrees of ischemia and

non-ischemic region (m-lat) in terms of a. the peak LV pressure and IMP; b. (do/ d¥) pax;
¢. LV EF and d. activation time. “b-endo” and “m-lat” denote “basal-epicardium” and
“mid-lateral epicardium region”, respectively. “%” denotes that the regional flow in the
LCX2 is % of that its original value.
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Figure 6:
Average responses of CRT at multiple pacing sites (for 2 swine models) in terms of

a. the peak LV pressure and IMP; b. (dP/df) jaxand LV EF; ¢. Q; apand Q; cx;

and d. ey, ey, Wy apand W cx. “b-epi”, “b-endo”, “b-ant”, “b-inf”, “m-lat”, “m-ant”

and “m-inf” denote “basal-epicardium”, “basal-endocardium”, “basal-anterior epicardium
region”, “basal-inferior epicardium region”, “mid-lateral epicardium region”, “mid-anterior
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epicardium region”, “mid-inferior epicardium region”, respectively. Refer to Figure D2 and
E2 for responses associated with individual swine model.
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