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Acute effects of mechanical
dyssynchrony on left ventricular
function and coronary perfusion

Jenny S. Choy", Lei Fan?!, Yousif Awakeem?, Chenghan Cai?,
Farshad Raissi®, Lik Chuan Lee? and Ghassan S. Kassab'*

California Medical Innovations Institute, Inc., San Diego, CA, United States, ?Department of Mechanical
Engineering, Michigan State University, East Lansing, MI, United States, *Department of Medicine,
University of California San Diego, San Diego, CA, United States

Background: Patients with heart failure frequently develop mechanical
dyssynchrony, which impairs ventricular function, coronary perfusion and their
interactions. The underlying mechanisms, however, remain poorly understood
due to numerous confounding factors. The objective of this study was to
determine the acute effects of mechanical dyssynchrony on global and
regional left ventricular (LV) function, coronary perfusion and their interactions
based on experimental and computational approaches.

Methods: Mechanical dyssynchrony was created with right ventricular apical
pacing in Yorkshire domestic swine (n = 9). The heart was paced at 100 and
140 bpm and the results were compared to right atrial pacing. An inverse finite
element computational framework based on an animal-specific geometry of the
LV and measurements was developed to investigate the effects of mechanical
dyssynchrony on LV function and its correlation with regional coronary perfusion.
Results: Cardiac dyssynchrony induced significant decrease in LV pressure,
volume, dP/dt(min), stroke volume, ejection fraction, and regional longitudinal
and circumferential strain. With mechanical dyssynchrony, passive flow
decreased by 70% in the left anterior descending artery (LAD) and 67% in the
left circumflex (LCX). An animal-specific inverse finite element computational
model predicted that in mechanical dyssynchrony, global and regional LV
contractility in the septum and LV free wall (LVFW), and myocardial work done
in the septum and LVFW decreased.

Conclusion: The computational model predicted reduction in global and
regional contractility, and regional myocardial work done in the septum and
LVFW with mechanical dyssynchrony are positively correlated with the
corresponding decrease in experimentally measured regulated coronary flow
in the LAD and LCX. These findings demonstrate that this interrelated mechanism
between LV function and coronary flow in mechanical dyssynchrony may affect
cardiac resynchronization therapy responder rate.

KEYWORDS

mechanical dyssynchrony, right ventricular pacing, left ventricular hemodynamics, left
ventricular function, coronary blood flow

Highlights

o Mechani cal dyssynchrony induced in swine via right ventricular pacing resulted in a
significant decrease in left ventricular (LV) end-systolic pressure, dP/dtyin), end-
diastolic volume, ejection fraction and regional passive flow.
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« Ananimal-specific inverse finite element computational model
predicted that the adverse impact of mechanical dyssynchrony
on regional LV function may be related to changes in regional
coronary perfusion, having clinical implications in improving
non-responders rate of cardiac resynchronization therapy.

Introduction

Heart failure (HF) is a chronic disease that has been recognized
as an emerging epidemic affecting approximately 1%-2% of the
adult population (Schwinger, 2021), with the majority of cases
resulting from damage to the myocardium due to ischemic heart
disease (Ziaeian and Fonarow, 2016). In the 1990s, cardiac
therapy (CRT) was
treatment of patients with advanced HF and with evidence of

resynchronization introduced for the
electrical and mechanical dyssynchrony. Since then, CRT has
shown to reduce morbidity and mortality (Boriani et al., 2015;
Normand et al., 2018) as well as hospitalizations (Solo et al.,
2010) by reversing many of the abnormalities observed in these
patients. Approximately 30%-50% of these patients, however, do
not respond to the therapy (Kirk and Kass, 2013; Lee et al., 2018),
and the number of non-responders has remained consistent over
time (Gorcsan, 2011).

Multiple contributing factors like the presence of myocardial
scar tissue (Harb et al., 2019), left ventricular (LV) dyssynchrony
(Cazeau et al., 2019), myocardial contractile reserve (Murin et al.,
2015), and cellular and molecular mechanisms (Spragg et al., 2003;
Chakir et al, 2008) among others, have been recognized as
important elements in the identification of non-responders,
which until now remains challenging. Understanding the
interactions between these elements can significantly improve
current clinical management of HF patients.

Among these elements, coronary perfusion has recently been
suggested in several clinical studies to have prognostic significance
in CRT response (Cortigiani et al., 2013). These clinical studies,
however, are confounded by effects associated with possible
(chronic) remodeling of the coronary vasculature and
myocardium. Related acute animal studies on coronary perfusion
(Prinzen et al., 1990; Ono et al., 1992; Amitzur et al., 1995; Beppu
etal,, 1997), on the other hand, are performed largely on canine with
substantial differences in coronary anatomy compared to humans.
Besides, regional contractile function has been proposed to quantify
the LV function, for which the maximum gradient of LV pressure
(dP/dt(imax)) has been used (Monge Garcia et al., 2018; Fan et al.,
2021a). This index can only be used as a global measurement,
however, and it is also a load-dependent parameter that might be

affected by preload, afterload and geometry (Wang et al., 2015). To

Abbreviations: HF, Heart failure; CRT, Cardiac resynchronization therapy; LV,
Left ventricle/ventricular; LBBB, Left bundle branch block; SDI, Systolic
dyssynchrony index; BL, Baseline; RAP, Right atrial pacing; RVP, Right
ventricular pacing; LVEDP, Left ventricular end-diastolic pressure; LVESP,
Left ventricular end-systolic pressure; LVEDV, Left ventricular end-diastolic
volume; LVESV, Left ventricular end-systolic volume; EF, Ejection fraction;
CFR, Coronary flow reserve; LAD, Left anterior descending; LCX, Left
circumflex; LVFW, Left ventricular free wall; FE, Finite element; IMP,
Intramyocardial pressure.
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address these limitations, the objective of the present study was to
determine the effects of dyssynchrony on cardiac hemodynamics,
LV function, and coronary blood flow in a swine model of RV-paced
rhythm. An finite (FE)
computational modeling framework was developed to quantify

animal-specific inverse element
the effects of dyssynchrony on regional contractility and

myocardial work, providing insights synergistic with the
experimental studies. This study is foundational to understand

the interaction between dyssynchrony and potential ischemia.

Methods
Animal experiments

Animal preparation

All animal experiments were performed in accordance with
national and local ethical guidelines, including the Guide for the
Care and Use of Laboratory Animals, the Public Health Service
Policy on Humane Care and Use of Laboratory Animals, and the
Animal Welfare Act, and an approved California Medical
and Use
Committee protocol regarding the use of animals in research.

Innovations Institute Institutional Animal Care

Yorkshire domestic, female swine (n = 9), with body weight
of 58.9 + 3.4 kg, were used in this study. The animals were housed
at California Medical Innovations Institute-Animal Care
Facilities. After overnight fasting, sedation was achieved with
TKX (Telazol 10 mg/kg, Ketamine 5 mg/kg, and Xylazine
5 mg/kg, IM) and surgical anesthesia was maintained with
1%-2%. 100% oxygen was

provided with a and maintained PCO, at

isoflurane Ventilation with
respirator
approximately 35-40 mmHg. Electrocardiographic leads were
attached to the animal’s limbs to monitor the electrical activity of
the heart. Introducer sheaths were placed in the right jugular
vein to advance two pacing leads into the right atrium and the
right ventricle, respectively, and the right femoral artery to
access the LV and left anterior descending (LAD) and left
circumflex (LCX) arteries. The animals were heparinized
(100 1U/kg, IV) before further instrumentation.

Right atrial and right ventricular pacing

The heart was paced individually from the right atrium and right
ventricle (apex) at rates of 100 and 140 bpm using temporary pacing
electrode catheters (Bard Medical, Covington, GA) connected to an
external pacemaker (Pace 203H, Oscor, Palm Harbor, FL, USA).
These pacing heart rates (100 and 140 bpm) above each animal’s
intrinsic heart rate were chosen because the His bundle was not
ablated in this study. They were intended to reflect exercise
conditions as our goal here was to understand the impact of
mechanical dyssynchrony on coronary blood flow and its reserve.
This also ensured consistency of heart rates across 9 swine and
allowed direct rate comparisons, as intrinsic heart rates varied
between animals. To pace from the right atrium (right atrial
pacing, RAP), the dual pacing, dual sensing, dual inhibition
(DDD) mode was used, and to pace from the right ventricular
apical region (right ventricular pacing, RVP), the single chamber
ventricular (VVI) pacing mode was used. The pacing modes were
applied in a random sequence.
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Left ventricular pressure and volume

LV pressure and volume were measured using a 5F pressure-
volume catheter (Ventri-Cath 507, Millar, Inc., Houston, TX),
connected to an MPVS Ultra PV loop system (Millar, Inc.,
Houston, TX). The catheter was advanced into the LV apex
through an introducer sheath in the femoral artery using a 6F
guide catheter. Pressure and volume waveforms were recorded
using a data acquisition system (LabChart Pro, ADInstruments,
Colorado Springs, CO). LV end-diastolic (LVEDP) and end-systolic
pressures (LVESP), dP/dt(nay), dP/dt(min), end-diastolic (LVEDV)
and end-systolic volumes (LVESV) were determined and averaged
over a minimum of 10 cardiac cycles using LabChart Pro.

Echocardiography
Transesophageal echocardiograms were obtained using an EPIQ
7C ultrasound system (Philips, Andover, MA) with an X8-2t
three-
were

Four-chamber  two-dimensional  and
(3D) (ECHO)
acquired with the animals placed in the supine position while
simultaneously recording LV pressure. LVEDV, LVESV, stroke
volume, ejection fraction (EF), and cardiac output were
calculated offline using QLAB 10.8 (Philips Healthcare, Andover,
MA). 3D ECHO images associated with the ES time point were
postprocessed using TomTec Arena (2014-2020) Imaging Systems
GmbH (Philips Healthcare, Andover, MA) to segment the LV
endocardial

transducer.

dimensional echocardiographic images

and epicardial surfaces, as well as regional

circumferential and longitudinal strain waveforms.

LV dyssynchrony index

Strain-based systolic dyssynchrony index (SDI) was calculated
from 3D echocardiographic images using TomTec Imaging Systems
GmbH (Philips Healthcare, Andover, MA). SDI is defined as the
standard deviation of time to peak segmental strain over 16 LV
segments from longitudinal, circumferential, and radial strain.
Systolic dyssynchrony index provides a quantitative measure of
dyssynchrony, which reflects the
consequences of RV pacing-induced activation and has been

mechanical functional
widely used as a surrogate marker for mechanical dyssynchrony.
The inclusion of SDI offers valuable insights into the degree of RV
pacing-induced mechanical dyssynchrony.

Coronary flow rate

The chest was opened through a midline sternotomy and an
incision was made in the pericardial sac with the creation of a sling
to support the heart. The LAD and LCX arteries were carefully dissected
free from their surrounding tissue in their proximal regions and a 3 mm
flow probe connected to a flow meter (Transonic, Ithaca, NY) was
placed around the coronary arteries to measure the mean flow rate. The
regulated coronary flow rate was measured under resting conditions
with autoregulation, whereas the passive coronary flow rate was
measured under adenosine-induced vasodilation conditions.

Coronary flow reserve

Coronary flow reserve (CFR) was measured in both the LAD and
LCX arteries (proximal regions) using a pressure/flow guide wire
(ComboWire XT, Philips Healthcare, Andover, MA) connected to a
ComboMap system (Philips Healthcare, Andover, MA) through the
patient interface module. For induction of hyperemia, 120 pg of
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intracoronary adenosine was administered as a bolus injection. The
CFR index was monitored to ensure the vessel was under fully-
dilated condition (CFR = 1).

Coronary flow reserve (CFR) can also be calculated as the ratio
of passive to regulated coronary flow rate measured using flow
probes. CFR determined from coronary flow rates measured using
flow probes were analyzed to quantify the effects of RVP on CFR,
which is consistent with the approach used to assess the effects of
RVP on coronary flow rates.

Computational modeling

Constitutive modeling of the LV

Details of the inverse finite element (FE) modeling framework for
estimating regional contractility from 3D ECHO images can be found in
our previous work (Zhang et al., 2024). Briefly, a finite element (FE)
mesh was generated in the LV wall defined by the endocardial and
epicardial surfaces segmented from the 3D ECHO images. Therefore, in
this study, 9 animal-specific LV geometries were used in the
computational simulations. The functional relationship between
pressure and volume in the LV was obtained by minimizing a
functional consisting of a myocardial tissue strain energy function,
active stress and terms associated with enforcing constraints on
myocardial tissue incompressibility, zero-mean rigid body translation
and rotation, and cavity volume (Fan et al., 2021a; Zhang et al., 2024;
Fan et al,, 2021b; Fan et al., 2023; Mojumder et al,, 2023). Additionally,
the LV base was constrained from moving out of the plane.

Estimation of active parameter

Parameters associated with passive mechanics are first estimated
in the inverse FE modeling framework following which, the global
and regional active stress parameter T),,, are then estimated by
solving a PDE-constrained optimization problem (Finsberg et al.,
2018; Finsberg et al., 2019). The cost function in the optimization
problem describes the mismatch between the simulation and
measured data. The minimization problem is stated as:

Minimize J ((U, p), Tyax ) subject to 8SII(U, p) = 0 (1)

In Equation 1, J is the objective function that is minimized,
depending on the state variable displacement U and hydrostatic
pressure p, as well as the (control) global and regional active stress
parameter T, that reflects myocardial contractility. The state
variables  also  depend on the control  parameters
(U, p) = (U(Tmax)> P (Tax)). The constraint STI(U, p) =0 in
the optimization problem is the Euler-Lagrange equation or the
weak formulation of the mechanical equilibrium governing
equations (Finsberg et al.,, 2018).

At each time point i, the global and regional active stress
i

parameter T, is estimated based on the measured cavity

volume V¥, by minimizing the cost function:
P\ (B -EY\
j((Ui’pi)’ Tmaxi) — ( LV - LV) + ( o« cc)

Py Ei

B-B\
+ 1] _1 /] . (2)
Ell
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The cost function in Equation 2 defines the mismatch between
simulated cavity pressure Py, circumferential strain E,. and
longitudinal strain Ej;;, and measured cavity pressure Pi,
circumferential strain E. and longitudinal strain Ej, at time
point i, respectively. Based on this cost function, Ty’ is
each discrete time to obtain its

estimated at point i

corresponding waveform T, (t) over a cardiac cycle.

Statistical analysis

All statistical analyses were performed using SigmaStat 3.5
(Systat Software, Point Richmond, CA). The data were expressed
as mean + standard deviation (SD), unless otherwise specified.
The differences between the various parameters and groups were
evaluated using analysis of variance (ANOVA) and paired
Student’s t-test. To correct for multiple pairwise comparisons,
the Bonferroni correction method was applied. The differences
were considered significant at p < 0.05. These statistical analyses
were designed to directly test the specified hypotheses on the
effects of RVP as compared to RAP within each animal, and
differences at two pacing rates (100 bpm and 140 bpm) and
across microvascular territories (LAD and LCX) but not to
evaluate all possible higher-order interactions. For this
purpose, a within-animal ANOVA followed by paired t-tests
provided an appropriate and statistically valid framework,
enabling direct within-animal comparisons without overfitting

given a limited number of animals.

Post-processing of results

Results from the computational framework were obtained from
each simulation case. Following Kerckhoffs et al. (2005), Walmsley
etal. (2015), local work density in a cardiac cycle is given by the area
of the myofiber stress-strain loop, namely:

W,=J  SppdEgy, (3)
cardiac cycle

where Syr and Eff are PK2 fiber stress and Green-Lagrange fiber
strain, respectively. Because active stress in Equation 3 is prescribed
to develop only in the myofiber direction, we have considered only
work in that direction, and have neglected work associated with
other components of the stress and strain tensor as considered in
other studies (Gsell et al., 2018). The local Green-Lagrange fiber
strain is defined in Equation 4 as:

1
Effzi(ef'c'ef_1)> (4)

where C is the right Cauchy-Green deformation tensor and ey is
the unit vector in the myofiber direction in the reference
configuration. We note that Wy represents only the local
mechanical work density and does not consider basal
metabolism and other chemical energies. The local myofiber
stress-strain loop area represents the net work performed by
cells locally in the tissue (Wang et al., 2012). 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.
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Results

The mean values corresponding to the hemodynamics and LV
function changes with RAP and RVP are summarized on Table 1.
Pairwise changes of the values between RAP and RVP are
described below.

Effects of RVP on global LV function

The experimentally measured SDI with RAP was 8.6% + 1.2% at
100 bpm (p < 0.05) and 8.9% =+ 2.0% at 140 bpm (p < 0.05), whereas
with RVP, SDI was 14% + 4.8% at 100 bpm (p < 0.05) and 19.4% +
6.9% at 140 bpm (p < 0.01). The baseline values of SDI
were 5.8% * 2.3%.

Figure 1A shows the changes in LVEDP and LVESP between
RAP and RVP. LVEDP significantly decreased with RVP (-4.4 +
1.0 mmHg at 100 bpm, p < 0.01, and —6.5 + 1.5 mmHg at 140 bpm,
p <0.01). Similarly, LVESP significantly decreased as well with RVP
(—25.6 + 4.0 mmHg at 100 bpm, p < 0.001, and —35.7 £ 54 mmHg
at 140 bpm, p < 0.001). Figure 1B shows the changes in dP/dt .y
and dP/dt(y;,) between RAP and RVP. LV dP/dt(;,ax) did not change
at 100 bpm but significantly decreased at 140 bpm (—4134 *
297.1 mmHg/s, p < 0.01). The changes in dP/dt(y;,, at 100 bpm
and 140 bpm were 400.1 + 113.6 mmHg/s (p < 0.01) and 931.1
158.2 mmHg/s (p < 0.001), respectively. Figure 1C shows the
changes in LVEDV and LVESV. LVEDV significantly decreased
with RVP (-14.7 + 1.8 mL at 100 bpm, p < 0.001, and —11.3 +
3.3 mL at 140 bpm, p < 0.05). Similarly, LVESV significantly
decreased with RVP at 100 bpm (4.6 + 1.4 mL, p < 0.05). At
140 bpm, ALVESV was —4.2 + 24 mL but did not reach
significance. Figure 1D shows the changes in mean perfusion
pressure that is associated with the arterial pressure. Mean
perfusion pressure significantly decreased with RVP (-15.1 *
6.0 mmHg at 100 bpm, p < 0.001, and —19.7 £ 9.7 mmHg at
140 bpm, p < 0.001.

Figure 2 shows the changes in stroke volume, EF and cardiac
output between RAP and RVP. Stroke volume significantly
decreased with RVP (-10.1 + 1.8 mL at 100 bpm, p < 0.05 and
—7.0 £ 2.2 mL at 140 bpm, p < 0.05, Figure 2A). EF also decreased
with RVP (-5.4% + 9.3% at 100 bpm and —3.1% + 8.3% at 140 bpm),
although the reduction was not significant (Figure 2B). Cardiac
output significantly decreased with RVP as well (-1009.9 +
177.9 mL/min at 100 bpm, p < 0.05 and —985.6 + 313.8 mL/
min at 140 bpm, p < 0.05, Figure 2C).

Figure 3 shows pressure-volume loops under RAP and RVP at
both 100 bpm and 140 bpm from a representative animal. It clearly
shows a significant decrease in both LV pressure and volume with
RVP compared to RAP at 100 bpm and 140 bpm.

Effects of RVP on coronary perfusion

Figure 4 shows the changes in both regulated and passive mean
LAD and LCX flow rates between RAP and RVP at the same heart
rate. Regulated and passive mean flow rates in the LAD artery
(Figure 4A) significantly decreased with RVP as compared to RAP
(—7.6 £ 2.3 mL/min, p < 0.01 and —33.2 + 8.9 mL/min, p < 0.05 at
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TABLE 1 Changes in left ventricular function and coronary flow during right atrial and right ventricular pacing. BL denotes baseline that is spontaneous condition in the table.

Heart Rhythem

e 3o Aoyd

ABojouyodeyolg pue BulisauIibusolg Ul SI913UOIS

SO

[SSIRVIETM IS

Variables Spontaneous RAP RVP RAP RVP
60-100 bpm 100 bpm p-values 100 bpm p-values p-values 140 bpm p-values 140 bpm p-values p-values
compared compared RAP vs RVP compared compared RAP vs RVP
to BL to BL to BL to BL
LVEDP (mmHg) 113 + 4.1 129 + 42 0.41 8.5+ 3.1 0.133 0.02 13.8 + 4.7 0.24 73 +42 0.06 0.01
LVESP (mmHg) 825 +9.1 96.4 + 12.8 0.02 70.8 + 15.7 0.07 0.002 96.1 + 12.9 0.02 60.4 + 19.9 0.01 0.001
Max LV dP/dt 1337.8 + 208.0 1265.8 + 0.46 1267.6 + 0.428 0.983 1581.1 + 0.06 1167.8 + 0.251 0.02
(mmHg/s) 193.24 153.0 281.9 369.7
Min LV dP/dt -1903.3 + 137.7 -2055.9 + 0.12 -1655.7 + 0.14 0.03 -2109.8 + 0.07 -1178.7 + 0.001 0.0001
(mmHg/s) 239.0 4404 277.9 4523
LVEDV (mL) 60.4 + 7.9 60.3 + 8.1 0.97 456 + 6.0 0.001 0.001 53.1 + 7.4 0.07 418 £ 115 0.003 0.04
LVESV (mL) 263 +5.7 29.6 + 5.9 0.27 250 + 7.2 0.698 0.186 28.6 + 7.9 0.52 244 + 8.8 0.609 0.329
LVSV (mL) 341472 30.7 + 4.8 0.28 206 + 5.0 0.001 0.001 245 + 4.7 0.01 174 + 45 0.0001 0.01
LVEF (%) 563 + 7.8 51.1 £ 6.0 0.16 457 + 13.1 0.07 0.318 46.6 + 9.8 0.05 435 + 105 0.02 0.544
CO (mL/min) 2646.8 + 672.5 3067.5 + 0.17 2057.6 + 0.07 0.001 34249 + 0.04 24393 + 0.534 0.01
4779 498.4 662.1 626.6
Reg LAD Flow 227 8.1 276 £ 6.5 0.22 200 £ 7.9 048 0.05 265 + 6.3 0.32 208 + 5.7 0.53 0.08
Rate (mL/min)
Pas LAD Flow 92.6 + 46.2 89.6 + 36.9 0.02 564 + 21.0 0.17 0.13 814 + 17.8 0.64 274+ 638 0.03 0.001
Rate (mL/min)
Reg LCX Flow 189 + 83 18.7 + 4.0 0.96 185 + 6.1 0.86 0.87 204 + 3.6 0.55 16.8 + 4.8 0.66 0.89
Rate (mL/min)
Pas LCX Flow 60.8 + 54.9 563 + 31.7 0.12 38.8 + 23.3 0.57 0.49 512 + 143 0.8 20.1 + 0.6 033 0.06
Rate (mL/min)
LAD Flow 22+ 14 22+ 14 1 20+ 1.0 0.79 0.79 20+ 1.0 0.84 1.8+07 0.6 0.68
Reserve

(Continued on following page)

¥S80£91°'G20¢ 20104/682¢°0T


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1630854

Choy et al.

p-values
RAP vs RVP
0.79

p-values
compared
to BL
022

0.5

140 bpm
22+

p-values
compared
to BL
025

140 bpm
21409

p-values
RAP vs RVP
0.65

1S
9]
<
=
>
£
o
=
bt
©
o
T

p-values
compared
to BL
032

60-100 bpm 100 bpm p-values 100 bpm
compared
to BL
0.42 2.1+04

Spontaneous

Reserve

Variables
LCX Flow

TABLE 1 (Continued) Changes in left ventricular function and coronary flow during right atrial and right ventricular pacing. BL denotes baseline that is spontaneous condition in the table.
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Cardiac Output, Reg
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NY%

Left Circumflex Artery.
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Ejection Fraction, CO =
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100 bpm, respectively, whereas at 140bpm, the change in regulated
flow was —5.7 + 0.8 mL/min, p < 0.001, and in passive flow —54.0 +
7.4 mL/min, p < 0.01). In contrast, regulated flow in the LCX artery
(Figure 4B) slightly changed (0.2 + 1.3 mL/min at 100 bpm
and -3.6 + 2.6 mL/min at 140 bpm). Passive flow rate, however,
significantly decreased with RVP as compared to RAP (-17.5 +
7.8 mL/min at 100 bpm, p < 0.05 and -31.1 + 8.0 mL/min at
140 bpm, p < 0.01). Flow reduction in the LAD and LCX between
RVP and RAP increased with increasing heart rate, so we expect this
difference to be smaller at resting heart rate. The ratio of passive
coronary flow rate to mean perfusion pressure was analyzed. This
ratio from RAP to RVP (RVP-RAP) reduced by 0.23 mL/(min -
mmHg) in the LAD and 0.07 mL/(min - mmHg) in the LCX at
100 bpm, and decreased by 0.68 mL/(min- mmHg) in the LAD and
0.36 mL/(min- mmHg) in the LCX at 140 bpm. These results
indicate that the reduction in passive coronary flow was
primarily due to decreased mean perfusion pressure.

Figure 5 shows the regulated and passive waveforms of the
coronary flow rates with RAP and RVP at a pacing rate of 100 bpm
in a representative animal. Figures 5A,B correspond to the flow rate
waveforms in the LAD artery whereas Figures 5C,D correspond to
that of the LCX.

Figure 6 shows the changes in coronary flow reserve (CFR) in the
LAD and LCX arteries between RAP and RVP. The values
correspond to CFR based on volumetric flow rates measured
using a flow probe (Figure 6). CFR in both the LAD and LCX
arteries decreased significantly at 140 bpm (-1.8 £ 0.2, p < 0.01 and
—1.6 = 0.4, p < 0.05, respectively). At the lowest pacing rate
(100 bpm), CFR in both the LAD and LCX arteries decreased
but the reduction did not reach statistical significance (-0.3 *
0.5 and —1.1 + 0.4, respectively). To provide more symmetric
distributions and stabilized variance of CFR, the ratio of CFR
under RVP and RAP (RVP/RAP) on the log scale with 95%
confidence interval (CI) was analyzed. The ratios were —0.04 +
0.07 (CL: [-0.15,-0.06]) in the LAD and —0.15 + 0.07 (CL: [-0.23,-
0.07]) in the LCX at 100 bpm, and —0.37 + 0.05 (CI:[-0.44,-0.31], p <
0.01) in the LAD and —0.35 + 0.17 ([-0.48,-0.21], p < 0.05) in the
LCX at 140 bpm, demonstrating a reduction of CFR with RVP as
compared to RAP.

Effects of RVP on regional LV function:
Simulation results

Figure 7 shows the changes in peak value of regional
longitudinal and circumferential strains (E; and E.) in the
regions perfused by the LAD and LCX territories, respectively,
between RAP and RVP. As strain is negative, peak Ej in both
regions increase at both 100 bpm and 140 bpm (5.39% + 5.19%, p <
0.05 associated with the LAD, and 8.31% + 5.30%, p <
0.01 associated with the LCX at 100 bpm, and 0.31% + 4.71%
associated with the LAD, and 2.10% + 5.17% associated with the
LCX at 140 bpm) (Figure 7A). Similarly, peak E,. in both regions
increase at both 100 bpm and 140 bpm (0.73% + 5.87%,
associated with the LAD, and 6.55% + 8.94%, p <
0.05 associated with the LCX at 100 bpm, and 4.16% + 8.97%
associated with the LAD, and 1.88% + 6.45% associated with the
LCX at 140 bpm) (Figure 7B).
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Differences between right ventricular pacing (RVP) and right atrial pacing (RAP) (RVP-RAP) in (A) left ventricular end-diastolic and end-systolic
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Figure 8 shows the inverse FE computational model predicted
regional distribution of myocardial contractility. The root-mean
square errors of model predicted and experimentally measured LVP
during RAP and RVP at 100 bpm and 140 bpm from 9 swine models
are less than 5% (Figure 8A). The overall fit of the regional
circumferential and longitudinal strains is consistent with our
previous study (Finsberg et al, 2019), where the model
prediction shows a positive correlation with the experimental
measurements  (Figures 8B,C). The
predictions show that contractility is reduced in most regions

computational model

with RVP except at the basal and midwall posterior regions when
paced at 100 bpm (Figures 8D,E). The model predicted overall
contractility reduces between RAP and RVP at both 100 bpm and
140 bpm by 10.6 + 6.4 kPa, p < 0.05 and 13.4 + 11.5 kPa, p < 0.05,
respectively (Figure 8F). Contractility in regions perfused by the
LAD is relatively unchanged at 100 bpm but is reduced at 140 bpm
(10.8 £ 17.2 kPa) with RVP compared to RAP. Contractility in
regions perfused by the LCX is reduced with RVP (13.5 + 25.3 kPa at
100 bpm and 6.2 + 13.7 kPa at 140 bpm) (Figure 8G). The model
estimated regional contractility in regions perfused by the LAD and
LCX is positively correlated with the corresponding measured
regulated coronary flow rates. The gradient of the correlation,
however, varies by region and heart rate (Figure 8H). The
gradient associated with the LCX territory (67.35 kPa - min/mL)
is significantly higher than that of the LAD (0) at 100 bpm but the

Frontiers in Bioengineering and Biotechnology

gradient of the LCX territory (1.71 kPa- min/mL) is slightly lower
than that of the LAD (1.89 kPa- min/mL) at 140 bpm. Regional
myocardial work done estimated from the inverse FE computational
modeling is reduced with RVP (59.9 + 38.2 kPa at 100 bpm and
62.5  64.7 kPa at 140 bpm associated with the LAD territory, and
79.1 + 51.8 kPa at 100 bpm and 61.5 + 53.5 kPa at 140 bpm
associated with the LCX territory) (Figure 81), and they are positively
correlated with the corresponding regulated coronary flow rates in
the LAD and LCX (Figure 8]). The gradient of the correlation,
however, varies by region and heart rate (Figure 8]). The gradient
associated with the LCX territory (395.30 kPa - min/mL) is
significantly higher than that of the LAD (7.89 kPa- min/mL) at
100 bpm and the gradient of the LCX territory (19.22 kPa- min/mL)
is higher than that of the LAD (12.33 kPa- min/mL) at 140 bpm.

Discussion

In the present study, RVP caused mechanical dyssynchrony and
acute changes in the LV function, hemodynamics and the coronary
blood flow. Experimental measurements show that mechanical
dyssynchrony resulted in significant decrease in LVESP
(~25-35 mmHg), dP/dt(;ax) (~400 mmHg/s), absolute dP/dt(mn)
(~400-900 mmHg/s), stroke volume (~7-10 mL), cardiac output
(~985-1010 mL/min), regional longitudinal strain in the septum
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FIGURE 2
Differences between right ventricular pacing (RVP) and right atrial

pacing (RAP) (RVP-RAP) in (A) left ventricular (LV) stroke volume, (B) LV
ejection fraction, and (C) cardiac output, at 100 bpm and 140 bpm.
fp < 0.05, RAP vs. RVP.
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08

Differences between right ventricular pacing (RVP) and right atrial
pacing (RAP) (RVP-RAP) in passive and regulated mean flow rate in (A)
the left anterior descending (LAD) and (B) the left circumflex (LCX)
arteries, at 100 bpm and 140 bpm. "Reg” denotes regulated
coronary flow measured under resting condition with autoregulation.
“Pas” denotes passive coronary flow measured under adenosine-
induced vasodilation condition. §p < 0.05, RAP vs. RVP ¥ p < 0.01, RAP
vs. RVP.
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Differences between right ventricular pacing (RVP) and right atrial
pacing (RAP) (RVP-RAP) in coronary flow reserve in the LAD and LCX
arteries measured with flow probe, at 100 bpm and 140 bpm. "Reg”
denotes regulated coronary flow measured under resting

condition with autoregulation. “Pas” denotes passive coronary flow
measured under adenosine-induced vasodilation condition. §p < 0.05,
RAP vs. RVP ¥ p < 0.01, RAP vs. RVP.
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(~0.3-5.4%) and LVFW (~2.1-8.3%), circumferential strain in the
septum (~0.7-4.2%) and LVFW (~1.9-6.6%), and the mean flow
rate in the LAD under both regulated (~6-8 mL/min) and passive
(~33-54 mL/min) conditions. On the contrary, the mean LCX
regulated flow rate did not change, whereas the mean LCX
passive flow rate decreased significantly (~18-31 mL/min) with
mechanical dyssynchrony. CFR is significantly decreased in both
the LAD and LCX arteries at 140 bpm (~1.6-1.8). By integrating the
animal-specific LV geometry based on 3D ECHO images and
measurements in the inverse FE computational model, the model
shows a reduction in global contractility (~79.3-100.2 mmHg) and
regional contractility (~16.2-93.3 mmHg in septum and
~46.2-121.0 LVFW) with mechanical
dyssynchrony. These reductions are positively correlated with the

mmHg in the

corresponding regulated coronary flow rates in the LAD and LCX.
In addition, the model predicted regional myocardial work done
reduced in the septum (~59.9-62.5 kPa) and LVFW
(~61.5-79.1 kPa), which is positively correlated with the
reduction in regulated coronary flow rates in the LAD and LCX.
Overall, the findings demonstrate that effects of mechanical
contractile function and

dyssynchrony on regional LV
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myocardial work done correlate with the changes of coronary flow.
This interrelated mechanism may play an important role in affecting
CRT responder rate.

Animal models of mechanical dyssynchrony with RVP have
been used to study the disease effects, classify patients’ risk, select the
best treatment options, and anticipate the prognosis in heart failure
patients (Zhang and Yu, 2012). Most animal studies, however, have
focused mainly on the effects of mechanical dyssynchrony on LV
function and hemodynamics. Specifically, the detrimental effects of
mechanical dyssynchrony have been largely demonstrated in dogs
(Spragg et al., 2003; Chakir et al., 2008; Prinzen et al., 1990; Beppu
et al., 1997; Prinzen et al., 1999) and swine (Abd-Elmoniem et al.,
2012; Rigol et al., 2013; Duchat et al.,, 2014; Zhou et al., 2015). The
abnormal contraction pattern associated with mechanical
dyssynchrony has been shown in these animal studies to lead to
a reduction in LVESP, LV twist, and dP/dt(.y) (Zhou et al., 2015).
Our findings are on par with these animal studies and are also
consistent with clinical observations. For example, Lieberman and
colleagues (Lieberman et al,, 2006) found that in patients with
EF >40%, RVP caused a decrease in stroke volume, cardiac
output, EF, and dP/dt(;;n), whereas in patients with EF <40% the
effects were more pronounced and also affected LVESP and dP/
dt(max)- Our results showed that RVP produces similar detrimental
effects on LV hemodynamics and function. However, most previous
studies demonstrated the effects of mechanical dyssynchrony on
global LV contractile function based on dP/dt(;ay). In this work, the
effects of mechanical dyssynchrony on regional longitudinal strain
and circumferential strains have also been analyzed, where regional
longitudinal strain was reduced by ~0.3-5.4% in the septum and by
~2.1-8.3% the LVFW, respectively. The
circumferential strain is ~0.7-4.2% in the septum and ~1.9-6.6%
in the LVFW. Previous study reported that the global longitudinal
strain is reduced with LBBB by 13% (De Boeck et al., 2008).
Furthermore, an inverse FE computational modeling framework

in reduction in

has been developed based on these animal-specific measurements of
regional strains and LV PV loops, and 3D ECHO images to predict

Frontiers in Bioengineering and Biotechnology

10

the effects of mechanical dyssynchrony on regional contractility.
The results show that mechanical dyssynchrony is associated with a
reduction in global contractility (~10.57-13.36 kPa at 100 bpm and
140 bpm) and regional contractility in the septum (~2.16-12.43 kPa
at 100 bpm and 140 bpm) and the LVFW (~6.15-16.12 kPa at
100 bpm and 140 bpm) (Figure 8).

Due to the strong interaction between the myocardium and
coronary vasculature (Westerhof et al., 2006), abnormal contraction
in the LV may also lead to changes in coronary perfusion, which in
turn, can further affect global LV function (Fang et al., 2013). The
importance of coronary perfusion in mechanical dyssynchrony is
also underscored in several recent studies, which suggest that the
preservation of coronary blood flow may be one of the underlying
mechanisms associated with a better outcome in CRT responders
(Dik et al., 2014; Itoh et al., 2015; Yufu et al., 2019). The effects of
mechanical dyssynchrony on coronary flow, however, are less
studied in animal models, which can distinguish between the
chronic (involving remodeling) and acute effects that most
human studies are unable to do. Moreover, most animal studies
do not investigate the impact of mechanical dyssynchrony on
coronary flow under passive conditions as well as CFR. Most
animal studies are also performed on canines (Prinzen et al,
1990; Ono et al., 1992; Amitzur et al., 1995; Beppu et al,, 1997),
which have marked differences in their coronary anatomy compared
to humans (Lelovas et al., 2014). For example, the dominant source
of blood supply to the canine myocardium is via the LCX artery
whereas the LAD artery is usually the dominant source in swine and
humans (Blair, 1961). The present study addresses these limitations
by investigating the acute effects of mechanical dyssynchrony on
coronary flow under both regulated and passive conditions in a
translational animal model, with a coronary anatomy and perfusion
distribution of blood flow like humans. This is significant because
passive coronary flow, or pharmacologically vasodilated flow, is
commonly assessed in clinical settings to identify factors affecting
coronary flow besides those related to microvascular dysfunction of
coronary flow regulation (Mehta et al.,, 2022), a key determinant of
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FIGURE 8 (Continued)

the LAD and LCX with model predicted regional contractility in the regions associated with the LAD and LCX. On each line, the point with higher
coronary flow and contractility indicates RAP. (I) Model predicted work done changes between RAP and RVP in the regions where the LAD and LCX
territories perfuse. (J) Correlation of experimentally measured regulated coronary flow in the LAD and LCX with model predicted regional work done in
the regions associated with the LAD and LCX. On each line, the point with higher coronary flow and work done indicates RAP. §p < 0.05, RAP vs. RVP

¥ p < 0.01, RAP vs. RVP

CFR. Our findings that passive coronary flow was reduced in the
LAD and LCX suggest that impaired CFR was partially caused by
changes in perfusion pressure or extravascular pressure (IMP)
with other  than
microvascular remodeling. Therefore, our findings have direct

associated mechanical  dyssynchrony
translational relevance by highlighting potential mechanisms that
can limit CFR in pathophysiological states analogous to those
encountered in patient care.

Consistent with findings in the canine model of mechanical
dyssynchrony (Prinzen et al., 1990; Ono et al., 1992; Amitzur et al.,
1995; Beppu et al., 1997), regulated blood flow in the early activated
LAD region was significantly reduced compared to that in the late
activated LCX region. A significant reduction in LAD blood flow
under passive (vasodilated) conditions was also found in our study.
The effects of mechanical dyssynchrony on the LCX blood flow are
less consistent, with some studies reporting an increase in blood flow
(Prinzen et al., 1990) and others reporting no change (Ono et al,,
1992; Amitzur et al., 1995) in the late activated region. Our results
agree with the latter and we further show that the LCX blood flow is
reduced in mechanical dyssynchrony under passive conditions. We
note that studies reporting an increase in LCX blood flow are
conducted on canine model, which has substantial collaterals
compared to swine model. Due to the changes in passive and
regulated flow, CFR was reduced in both the LAD and LCX
arteries at a high pacing rate (140 bpm) in our study. This rate-
dependent reduction in CFR becoming significant at higher pacing
rate of 140 bpm is likely due to shortened diastolic time, which
reduces the time duration of coronary perfusion. This effect is
particularly pronounced in territories with reduced baseline CFR,
where regulation capacity is nearly exhausted at resting conditions.
Besides, elevated IMP at higher heart rate may further impede blood
flow. Clinically, these findings suggest that in patients with atrial
fibrillation (Miyasaka et al., 2007) and rapid ventricular response
(Brookes et al., 1999) may be at increased risk of ischemia, especially
in territories affected by regional microvascular dysfunction. These
results are also consistent with clinical observations showing
hypoperfusion in the LV septum (Kyriakides et al., 2007) and a
lower LAD CFR in LBBB patients with normal coronary arteries
(Skalidis et al., 1999), suggesting that the acute effects of mechanical
dyssynchrony may contribute (at least in part) to some of these
features found in patients. This postulation has also been
corroborated in some clinical studies showing that the correction
of mechanical dyssynchrony by CRT improves coronary flow
acutely (Claridge et al, 2015) and reduces microvascular
resistance in a relatively short period of time (Kyriakides et al.,
2007). The changes in coronary flow have been attributed to a
redistribution in myocardial work and oxygen demand associated
with mechanical dyssynchrony, with an increase (and decrease) in
myofiber work in the late (and early) activated regions (Prinzen
et al., 1990; Prinzen et al,, 1999). This reasoning, however, cannot
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explain the changes in passive flow found here and other studies
because the coronary vessels cannot regulate blood flow based on
metabolic demand under vasodilated conditions. Given the close
interaction between myocardium and coronary circulation, it is also
difficult to isolate the different confounding factors responsible for
these changes.

To explain these results and better understand the mechanisms
behind mechanical dyssynchrony, our group has developed an
experimentally-calibrated closed-loop cardiac-coronary
computational model that considers the interactions between LV
mechanics, systemic circulation, and coronary perfusion (Fan et al.,
2020; Fan et al, 2021c). Cardiac-coronary interactions occur via
three distinct mechanisms, namely, perfusion pressure generated
by the LV, intramyocardial pressure (IMP, extravascular forces)
i the

relationship. We have shown that the changes in passive

in myocardium, and contractility-coronary  flow
coronary flow associated with mechanical dyssynchrony can
be attributed to the combined

perfusion pressure, an increase in IMP in the LAD territory,

effects of a reduction in
and a reduction in IMP in the LCX territory that altogether, can
reproduce our findings in LAD and LCX passive flow. Since
passive flow excludes the effects of coronary flow regulation,
changes in the passive coronary flow in the LAD and LCX are
attributed to perfusion pressure and regional IMP that varies
regionally. Furthermore, although it is experimentally or
clinically challenging to measure regional IMP, our developed
computational model is able to predict regional IMP, which is a
key determinant to the observed empirical territorial patterns.
These results are also consistent with the changes in septal IMP
measured in a few studies (Ono et al., 1992; Kazmierczak et al.,
2014). In a subsequent study (Fan et al., 2021c), we also showed
that the significant reduction in LVEDP and LVESP (Figure 1A)
as well as dP/dt(ay) and dP/dty,) (Figure 1B) with RVP can be
explained by a reduction in coronary flow which decreases global
LV contractility, and hence, may further reduce coronary
perfusion pressure and flow.

Based on the computational modeling and experiments, we
conclude that the adverse effects of mechanical dyssynchrony on
LV function and coronary hemodynamics are likely not features
occurring in isolation but instead, are interrelated with one another.
Specifically, the coronary flow rate in the LAD and LCX shows
positive correlations with regional contractility in the regions
associated with each coronary network but with different
gradients at different regions and heart rate (Figure 8H). The
correlation is consistent with the previously proposed “perfusion-
contraction matching” (Ross, 1991). The positive correlation was
also found between model predicted myocardial work done and
measured regulation coronary flow in the LAD and the LCX
(Figure 8J), which can explain the “myocardial supply/demand
imbalance” (Heusch, 2019; Fan et al., 2024).
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In this study, mechanical dyssynchrony was induced by RVP,
which affects both electromechanical and coronary functions. In
contrast to RVP, which depolarizes the ventricles through slow
conduction and induces LBBB, conduction-system pacing (CSP)
(Jastrzebski et al., 2023) including His bundle pacing (HBP) and left
bundle branch area pacing (LBBAP) maintains a near-normal QRS
duration and synchronous mechanical activation. Clinical studies
have demonstrated that CSP can prevent pacing-induced LV
dysfunction and improve outcomes compared with conventional
RVP, and in some cases provide benefits comparable to or exceeding
CRT in patients with conduction disease (Pujol-lopez et al., 2022).
These properties suggest that CSP may attenuate the adverse
induced by RVP,
particularly in structurally normal hearts, supporting translational
and clinical evaluation of CSP as a physiological alternative to RVP

electromechanical and perfusion effects

in scenarios requiring chronic pacing (Edvardsen et al., 2024). It
should also be noted that RAP (DDD) preserves atrioventricular
(AV) synchrony, whereas RVP (VVI) does not. Thus, some of the
hemodynamic differences may be related to the loss of atrial
contribution in addition to ventricular mechanical dyssynchrony.

Study limitations

We studied the effects of mechanical dyssynchrony in normal
hearts. Although RVP-induced mechanical dyssynchrony has been
used in prior studies as a surrogate of LBBB, demonstrating the
hallmark feature of delayed activation of the LV lateral wall (Little
et al., 1982; Kingma et al., 1983; Dohi et al., 2006), changes in
function, hemodynamics and contraction with normal conduction
may differ from those in failing hearts with LBBB. Ghani etal. (2011)
for example, have reported differences in the mechanical activation
pattern of the LV between both entities, which agree with findings
(differences in electromechanical delay, contraction and relaxation
times, as well as uncoordinated LV wall motion) by Xiao et al.
(1993). Witte and collaborators (Witte et al., 2006), however, found
similar dyssynchrony in patients with RVP-induced LBBB and
patients with intrinsic LBBB. In structurally normal hearts, RVP-
induced delayed activation occurs in a preserved Purkinje fiber
network, normal myocardium and contractility, producing acute but
potentially reversible dyssynchrony. By contrast, intrinsic LBBB in
failing hearts is often accompanied by conduction system
degeneration, regional fibrosis, or LV dilation, accelerating
mechanical dyssynchrony (Kanawati and Sy, 2018). These
differences between normal and failing hearts may alter the
magnitude of changes in LV and coronary function. In heart
failure, the presence of microvascular dysfunction may exacerbate
the impairment of CFR as found in our study. Thus, our findings
isolate the hemodynamic consequences of conduction delay in the
absence of structural disease, representing an upper bound of
physiological effects, and clinical extrapolation to failing hearts
should be made with these distinctions. Future studies in animal
models of ischemic heart failure and structural defects will address
these differences. The differences in animal models, however, do not
alter the major conclusion of our study. Furthermore, the pacing
rates used in this study (100 and 140 bpm) are higher than typical
clinical pacemaker settings in pacemaker-dependent patients at rest
(50-70 bpm). These elevated rates were intentionally selected to
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ensure consistency and to allow direct rate comparisons across
animals. While this design improves experimental control and
highlights rate-dependent physiological effects, it may limit the
direct extrapolation of our findings to resting patients with
chronic pacing. In future studies, pacing at resting heart rates
will be considered. Finally, the pacing modes (RAP vs. RVP)
compared differ in AV synchrony, where RAP (DDD) maintains
AV synchrony, whereas RVP (VVI) does not. Therefore, the
hemodynamic differences observed may reflect both ventricular
dyssynchrony and the absence of atrial contribution during
VVI pacing.

Conclusion

We have performed experimental measurements in a clinically
relevant swine model with coronary anatomy and perfusion
characteristics resembling that of humans, and developed an
animal-specific inverse finite element computational model to
investigate the acute effects of mechanical dyssynchrony on LV
hemodynamics and function as well as coronary perfusion. We show
that mechanical dyssynchrony not only negatively affects the global
LV function and hemodynamics (e.g., SDI, LVESP, LVEF, cardiac
output, and global myocardial strain), and regional LV function
(e.g., regional myocardial strain, model predicted contractility and
myocardial work done), but also reduces LAD coronary blood flow
rate under both passive and regulated conditions, LCX coronary
flow rate under passive condition and CFR at higher heart rates. The
adverse effects of mechanical dyssynchrony on regional LV function
(e.g., regional contractility and myocardial work done) and coronary
hemodynamics show positive correlations in septal and LVFW
regions. These findings demonstrate that these interrelated factors
of the regional LV contractility, myocardial work done, and
coronary flow may have clinical implications in the identification
of CRT non-responders and improvement in treatment strategies.
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