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Abstract

Background—The acute response to cardiac resynchronization therapy (CRT) has been shown
to be due to three mechanisms: resynchronization of ventricular contraction, efficient preloading
of the ventricles by a properly timed atrial contraction, and mitral regurgitation reduction.
However, the contribution of each of the three mechanisms to the acute response of CRT,
specifically stroke work improvement, has not been quantified.

Objective—The goal of this study was to use an MRI-based anatomically accurate 3D model of
failing canine ventricular electromechanics to quantify the contribution of each of the three
mechanisms to stroke work improvement and identify the predominant mechanisms.

Methods—An MRI-based electromechanical model of the failing canine ventricles assembled
previously by our group was further developed and modified. Three different protocols were used
to dissect the contribution of each of the three mechanisms to stroke work improvement.

Results—Resynchronization of ventricular contraction did not lead to significant stroke work
improvement. Efficient preloading of the ventricles by a properly timed atrial contraction was the
predominant mechanism underlying stroke work improvement. Stroke work improvement peaked
at an intermediate AV delay, as it allowed ventricular filling by atrial contraction to occur at a low
diastolic LV pressure but also provided adequate time for ventricular filling before ventricular
contraction. Diminution of mitral regurgitation by CRT led to stroke work worsening instead of
improvement.

Conclusion—Efficient preloading of the ventricles by a properly timed atrial contraction is
responsible for significant stroke work improvement in the acute CRT response.
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Introduction

Methods

Heart failure is a major cause of morbidity and mortality,! contributing significantly to
global health expenditure. A large number of heart failure patients exhibit a left bundle
branch block (LBBB) type of electrical activation. In such patients, the left ventricle (LV) is
activated through the septum from the right ventricle (RV), resulting in a delayed onset of
LV contraction relative to that of the RV.2 Cardiac resynchronization therapy (CRT), which
employs bi-ventricular pacing to re-coordinate the contraction of the heart, has been
demonstrated to be a valuable therapeutic option for such patients.3 Even though CRT has
been shown to improve heart failure symptoms and reduce hospitalization for most of the
patients, one third of them fail to benefit from the therapy,3 reflecting an incomplete
understanding of the mechanisms underlying the response to CRT. Gaining a better
understanding of these mechanisms will help optimize the delivery of CRT so that the
benefit of the therapy is extended to a larger patient population.

CRT typically involves implantation of three leads, one into right atrium (RA), and two in
the RV and LV, respectively. The two ventricular electrodes provide stimuli simultaneously
to elicit a synchronous contraction. Optimization of the pacing time interval between
activating the RA and the subsequent activation of both ventricles (atrioventricular, AV,
delay) has been shown to additionally improve the acute hemodynamic response of the
heart.* Heart failure patients often exhibit mitral regurgitation as a result of ventricular
dilation and increased chamber sphericity.? CRT has also been shown to acutely reduce
mitral regurgitation severity in the dyssynchronous failing (dyssynchronous heart failure,
DHF) ventricles®’ by increasing the transmitral pressure gradient (the systolic LV-LA
pressure difference)® and diminishing the dyssynchrony of papillary muscle contraction.5: 7
Overall, the acute response of the DHF ventricles to CRT is thus believed to be due to 3
main mechanisms: resynchronization of ventricular contraction, efficient preloading of the
ventricles by a properly timed atrial contraction, and reduced mitral regurgitation.®

The acute response to CRT is manifested by an augmentation in stroke work.® However, the
contribution of each of the three mechanisms to stroke work improvement during the acute
response to CRT has not been quantified and therefore, the predominant mechanism
underlying this improvement has not been identified. Currently, it is difficult to isolate and
quantify the contribution of each of the three mechanisms to CRT-induced stroke work
increase through experimental methods.10: 11 Therefore, a computational approach was
undertaken in this study. A magnetic resonance image (MRI)-based electromechanical
model of the DHF ventricles was developed to determine the contribution of each of the
three proposed mechanisms to CRT-induced acute stroke work augmentation and to identify
the predominant mechanism.

MRI-based electromechanical model of the DHF canine ventricles

To achieve the goals of this study, we employed an MRI-based electromechanical model of
the DHF canine ventricles (Fig. 1) developed previously by our group.12 The model and the
advancements implemented in it for the present research are described briefly below. The
ventricular geometry and fiber-sheet architecture of the model were constructed from high-
resolution MR and diffusion tensor (DT) MR images of DHF canine ventricles. The model
consisted of coupled electrical and mechanical components, and a lumped-parameter
representation of the circulatory system. Mathematical description of the electrical
component of the model involved the use of the monodomain representation of cardiac
tissue; the ventricular mechanics component was based on the continuum mechanics
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equations, with the myocardium assumed to be orthotropic, hyperelastic nearly-
incompressible material 13-15

For computational tractability, the electrical and mechanical components of the
electromechanical model were weakly coupled. The local electrical activation times
calculated from the electrical component of the model determined the instants when the Ca
transient, which served as an input into the Rice et al. myofilament model16 in the
mechanics component of the model, was initiated at the Gaussian points of each mechanical
mesh element. The electrical component of the ventricular electromechanical model
employed the Luo—Rudy dynamic model, LRd,” to represent membrane kinetics; generic
mammalian membrane kinetics models, such as LRd, are often used in whole-heart
electromechanical models.18 19 LRd is considered to be of medium-to-low complexity and
is thus a reasonable trade-off in large-scale electromechanical simulations.

The formulation of the Ca transient in the myofilament model was modified to reflect
abnormal Ca handling associated with DHF20 (detail in Supplementary Material, Appendix
1A). Furthermore, the values of the scaling factor for tension, of the crossbridge attachment
rate constant to the first strongly-bound state, and of the scaling factor for all crossbridge
cycling rates were adjusted to represent behavior in the canine ventricles; these were set to
205, 50005~ and 0.4, respectively, so that ejection fraction, LV peak pressure, and maximal
rise in LV pressure matched values observed experimentally in failing canine ventricles.?!
Additionally, the elastance of the atria in the lumped-parameter model of the circulatory
system?2 was increased fourfold so that atrial contraction accounted for 10% of ventricular
filling, as reported for the failing canine ventricles.23 Mitral regurgitation was represented in
the model of the circulatory system by allowing for backward flow from LV to the left
atrium (LA) when LV pressure was higher than LA pressure (Supplementary Material,
Appendix 1B).

To simulate LBBB activation of the canine ventricles, the RV endocardial surface of the
ventricles was stimulated at a basic pacing cycle length of 500ms2! at discrete locations as if
the electrical activation was emanating from the activation of the corresponding branch of
the Purkinje network; the locations and timings were based on experimental findings.24
LBBB was simulated with an AV delay of 140ms, as recorded in DHF canine ventricles.?!

CRT simulation

The model of the DHF ventricles described above was subjected to CRT, modeled as
follows: RA pacing was represented by the onset of atrial contraction via initiating the
activation function for atrial elastance in the model of the circulatory system; at a certain AV
delay, the ventricles were paced simultaneously from the RV apex and the LV lateral wall.

Stroke work was calculated by integrating the area within the pressure-volume loop. Stroke
work improvement (or worsening) following CRT was defined as the percentage increase
(or decrease) of stroke work as a result of CRT relative to that in the DHF ventricles.
Previous research has demonstrated that a physiologically meaningful CRT response is
associated with a minimum of 15% stroke work improvement.®

Simulation protocol (I): Quantifying stroke work improvement as a result of
resynchronization of ventricular contraction alone—Experimental evidence has
demonstrated that both ventricular filling following atrial contraction and mitral
regurgitation reduction affect ventricular hemodynamics.2> 26 Therefore, to quantify how
much stroke work improvement resulted from CRT-induced resynchronization of ventricular
contraction alone, DHF ventricular activation and CRT were simulated without accounting
for atrial contraction and in the absence of mitral regurgitation (the DHF model in this case
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is only that of LBBB activation). This was achieved by setting the activation function for
atrial elastance and the scaling factor for mitral valve resistance to 0 and infinity,
respectively, in the lumped-parameter model of the circulatory system. The stroke work
following CRT was compared to that under LBBB activation to determine whether there is a
stroke work improvement due to resynchronization of ventricular contraction alone.

Simulation protocol (II): Quantifying stroke work improvement as a result of
efficient preloading of the ventricles by a properly timed atrial contraction—
Clinical and experimental studies have found that varying the pacing time interval between
RA activation and ventricular activation (AV delay) in CRT affects the preloading of the
ventricles and thus ventricular hemodynamics performance.* 25 27. 28 Tg understand how
the duration of the AV delay imposed by the device affects the preloading of the ventricles
and thus stroke work improvement following CRT, the DHF canine ventricular model with
mitral regurgitation eliminated from it was employed in this protocol; device-imposed AV
delays were varied between 0 and 140ms. This allowed us to determine the additional CRT
stroke work improvement contributed by the efficient preloading of the ventricles due to a
properly timed atrial contraction, over the baseline stroke work improvement resulting from
resynchronization of ventricular contraction alone.

Simulation protocol (lll): Quantifying stroke work improvement as a result of
mitral regurgitation reduction by CRT—CRT has been shown to reduce mitral
regurgitation to a different extent,® which would then result in different changes in stroke
work.2% Accordingly, we employed the original DHF canine ventricular model to simulate
different degrees of CRT-induced mitral regurgitation reduction in this study: the scaling
factor for mitral valve resistance was chosen (values are presented in Table 2) so that mitral
regurgitant fraction either remained at 31% or was reduced to 15% or 0% as a result of CRT.
The AV delay that gave rise to the maximal stroke work improvement as determined from
simulation protocol Il was used in the CRT simulations.

Figure 2 portrays the 3D distribution maps of fiber strain at end-diastole, mid-systole and
late-systole in the DHF canine ventricular model. Dyssynchronous activation is evident by
the fact that when the septal wall contracted, the LV lateral wall was pre-stretched at mid-
systole and the lateral wall shortened at late-systole. These 3D deformation patterns are
consistent with those found experimentally in DHF ventricles.30

The results from simulation protocol | show that resynchronization of ventricular
contraction, which resulted in a reduction of total activation time from 151ms in the DHF
ventricles to 109ms following CRT, led to only 8.7% stroke work improvement, from 137.2
to 149.1 kPa*mL. Since stroke work improvement only above 15% is considered
meaningful,® our simulations concluded that resynchronization of ventricular contraction
(i.e. reduction of total activation time) alone does not give rise to meaningful stroke work
improvement.

The simulation results from protocol 11 demonstrated that stroke work improvement
increased when AV delay decreased from 140ms to 40ms; when AV delay further shortened
reaching Oms, stroke work improvement decreased (Table 1). The maximum stroke work
improvement was 40.5% achieved at an optimal AV delay of 40ms (Table 1). These results
demonstrate that optimizing AV delay is critical to achieving a significant stroke work
improvement.
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Since resynchronization of ventricular contraction did not result in marked stroke work
improvement, while optimizing AV delay led to a significant stroke work improvement, it is
possible that marked stroke work could be obtained through optimizing AV delay alone,
without resynchronization of ventricular contraction (i.e. without reduction in total
activation time). To test this hypothesis, we employed the DHF model from simulation
protocol I1; instead of pacing from RA and both ventricles for CRT, we only paced from RA
and varied the time interval between RA pacing and LBBB electrical activation in the
ventricles from 0 to 140ms. Stroke work improvement peaked at 29.8% when AV delay was
40ms (Table 1). This demonstrates that optimizing AV delay alone leads to significant
stroke work improvement. Adding the 29.8% stroke work improvement by optimizing AV
delay alone to the stroke work improvement resulting solely from resynchronization of
ventricular contraction (8.7%) amounts to a total stroke work improvement of 38.5%, which
is similar to that obtained under simulation protocol 1l with an AV delay of 40ms (40.5%).
This shows that resynchronization of ventricular contraction (reduction in total activation
time) contributed to the increased stroke work improvement, but not significantly.

To understand how optimizing AV delay alone, without resynchronization of ventricular
contraction, increases stroke work improvement significantly, we examined the pressure and
volume changes obtained in simulations in which we only paced the RA and changed the
time interval between RA pacing and LBBB electrical activation in the ventricles (Fig. 3).
Comparing LV pressures from simulations with AV delays of 40ms and 140ms, it can be
seen that when AV delay was short, atrial contraction occurred when LV pressure was
lower. As a result, the pressure against which LV filling by atrial contraction occurred was
lower with an AV delay of 40ms. This led to an increase in LV end-diastolic volume and a
larger stroke work improvement when AV delay was shortened from 140ms to 40ms (Fig.
3B, Table 1). However, when AV delay was shortened further to Oms, even though the
diastolic LV pressure was lower than that for AV delay of 40ms, LV filling time decreased
by 20ms (Fig. 3A). As a result, the LV end-diastolic volume and thus the stroke work
improvement were smaller than when AV delay was 40ms (Fig. 3B, Table 1). Therefore, by
optimizing AV delay, preloading of the ventricles became more efficient and stroke work
improvement increased. The mechanism underlying significant stroke work improvement
following CRT was thus the efficient preloading of the ventricles by a properly timed atrial
contraction.

Our simulations found that diminution of mitral regurgitation associated with CRT did not
lead to additional stroke work improvement; it actually caused a worsening in stroke work.
Indeed, the results from simulation protocol 111 showed that if CRT did not reduce mitral
regurgitation, stroke work improvement was 41.9%. However, if CRT reduced mitral
regurgitation, stroke work improvement became less than that; decreasing mitral regurgitant
ratio from 31% to 15% and 0% by CRT gave rise to only 28.4% and 16.8% stroke work
improvement, respectively (Table 2).

In the DHF ventricular model from protocol 111, 7.6mL and 16.5mL of blood were ejected
by the LV into the LA and aorta, respectively. Stroke work for the DHF ventricles was
163.2kPa*mL.: the work done by the LV to eject blood into the LA and the aorta were
-17.3kPa*mL (the reason the work done by the LV to eject blood into the LA was negative
was due to the fact that the mitral inflow volume was more than the regurgitant volume) and
180.5kPa*mL, respectively. If CRT reduced mitral regurgitant ratio to 0%, 19mL of blood
was ejected by the LV into the aorta. Stroke work for the ventricles following CRT was
190.6kPa*mL: the work done by the LV to eject blood into the LA and aorta were
-49.7kPa*mL and 240.2kPa*mL, respectively. Therefore, the 27.4kPa*mL
(190.6kPa*mL-163.2kPa*mL) CRT-induced stroke work increase was due to 59.7kPa*mL
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(240.2kPa*mL-180.5kPa*mL) more work done by the LV to eject blood into the aorta but
32.4kPa*mL (-49.7kPa*mL-(-17.2kPa*mL)) less work done to eject blood into the LA.

Since efficient preloading of the ventricles by a properly timed atrial contraction results in
significant stroke work changes in the acute response of CRT, atrial contraction was
eliminated from the DHF model to dissect the mechanism by which mitral regurgitation
decrease following CRT led to stroke work worsening. The scaling factor for mitral valve
resistance was set to infinity so that mitral regurgitant ratio was reduced to 0% in CRT. LV
(solid lines) and LA (broken lines) pressures from both LBBB activation (black) and CRT
(red) simulations are plotted in Figure 4A. Mitral regurgitation in the DHF ventricles gave
rise to elevation of atrial pressure (Fig. 4A) due to blood leaking back into the LA during
ventricular systole. The elevated atrial pressure was then transmitted to the LV during filling
so that LV end-diastolic volume was increased by 3mL (Fig. 4B). The net result was an
increase in stroke volume and stroke work with mitral regurgitation (Fig. 4B). Thus
diminution of mitral regurgitation by CRT led to stroke work worsening.

Discussion

This study identified the predominant mechanism underlying stroke work augmentation in
the acute response of CRT by employing an MRI-based anatomically accurate 3D model of
the DHF canine ventricular electromechanics. For the first time, the contribution of each of
the three mechanisms, namely resynchronization of ventricular contraction, reduction of
mitral regurgitation, and efficient preloading of the ventricles by a properly timed atrial
contraction, to stroke work improvement was quantified and the mechanisms identified.
Significant findings of this study include:

1. Resynchronization of ventricular contraction alone did not result in significant
stroke work improvement.

2. Efficient preloading of the ventricles by a properly timed atrial contraction was the
predominant mechanism underlying stroke work improvement.

3. Stroke work improvement peaked at an intermediate AV delay, as it allowed
ventricular filling by atrial contraction to occur at a low diastolic LV pressure but
also provided adequate time for ventricular filling before ventricular contraction.

4. Diminution of mitral regurgitation by CRT led to stroke work worsening instead of
improvement.

The acute response to CRT

In this paper we demonstrated that the predominant mechanism responsible for the large
stroke work increase following CRT was not resynchronization of ventricular contraction,
but rather it was the result of efficient preloading of the ventricles. In fact, optimizing AV
delay alone without resynchronization of ventricular contraction was enough to increase
stroke work significantly. Previous modeling research has shown that another hemodynamic
metric - maximal rise in LV pressure increase in the acute response of CRT could be
attributed to resynchronization of ventricular contraction; however, representation of atrial
contraction was not incorporated into the model and the contribution of ventricular
preloading to hemodynamics was not investigated in that study.3!

Our simulation results demonstrated that when the AV delay was in the intermediate range,
stroke work improvement was larger than when the AV delay was short or long. If mitral
regurgitation reduction by CRT was small, stroke work augmentation was more than that if
mitral regurgitation reduction by CRT was large. Therefore, we surmise that the reason why
some patients do not respond to CRT, specifically do not register a significant stroke work
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improvement following CRT might be due to the fact that they had a non-optimal device-
imposed AV delay or/and large degree of mitral regurgitation reduction as a result of CRT.

Optimal AV delay

We demonstrated that the AV delay needed to achieve maximum stroke work improvement
in the acute response of CRT had an intermediate value (40ms in the tested range of 0—
140ms). Clinical and experimental studies have found that the optimal AV delay in terms of
hemodynamic metrics other than stroke work, such as maximal cardiac output,2®> maximal
rise in LV increase,* 27 28 gortic systolic pressure increase?’ and pulse pressure
improvement?’ also have an intermediate value. The reason why these hemodynamic
metrics were reduced at short and long AV delays was that with a short AV delay, atrial
contraction occurred simultaneously with ventricular contraction, resulting in inefficient
ventricular filling,2° consistent with our analysis; when the AV delay was too long,
preloading of the LV was impaired due to diastolic mitral regurgitation.2> We showed that
with a long AV delay, especially at relatively fast pacing rates (2Hz), preloading of the LV
was impaired due to the high diastolic pressure against which atrial contraction occurred,
which made ventricular filling by atrial contraction inefficient. It is possible that with a
longer pacing cycle length, there would be more time for ventricular relaxation. Therefore,
we expect that the LV pressure against which LV filling by atrial contraction occurs would
not be significantly higher with a longer AV delay (140ms) compared to that at a shorter AV
delay (40ms), as found here. As a result, preloading of the ventricles would not be as
significantly impaired as in this study, and therefore, stroke work improvement would be
larger at a longer AV delay. The contribution of efficient preloading of the ventricles by a
properly timed atrial contraction to stroke work improvement could thus be less with a
larger pacing cycle length.

Mitral regurgitation reduction due to CRT

CRT has been shown to acutely reduce mitral regurgitation severity in DHF patients.>~’
Two mechanisms have been proposed to explain how mitral regurgitation was reduced by
CRT: CRT resulted in an increase in transmitral pressure gradient (the systolic LV-LA
pressure difference), which effectively counteracted the increased tethering forces in heart
failure that impaired mitral valve competence;® and CRT diminished dyssynchrony of
papillary muscle contraction in DHF, which led to reduced mitral regurgitation.®: 7 Our
results demonstrate that mitral regurgitation gave rise to higher LA pressure, end-diastolic
volume, stroke volume, and stroke work, in agreement with clinical and experimental
results.26. 29, 32,33 |nducing mitral regurgitation in dogs has been shown to result in
increased LA pressure, end-diastolic volume, stroke volume, and stroke work.26: 29 End-
diastolic volume, stroke volume and stroke work were higher in patients with mitral
regurgitation than in the control subjects32 or in patients after surgical treatment of mitral
valve disease.33

Clinical significance

Limitations

Our findings indicate that in order to maximize, clinically, the acute CRT hemodynamic
response in terms of improvement in stroke work, the best strategy would be to focus on
optimizing device-imposed AV delay. Our simulations indicated that an intermediate AV
delay (between Oms but and the AV delay in LBBB activation) would be optimal.

The model for mitral regurgitation in this study is relatively simple compared to existing
models.34 However, there is no reason to expect that incorporating a more complex model
for mitral regurgitation would alter the main conclusions of this simulation study regarding
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the predominant mechanism underlying stroke work improvement in the acute response of
CRT.

Conclusion

In the present study, we quantified the contribution of each of the three mechanisms
hypothesized to underlie stroke work improvement in the acute CRT response, namely
resynchronization of ventricular contraction, improved preloading of the ventricles by a
properly timed atrial contraction, and mitral regurgitation reduction. The predominant
mechanism underlying significant stroke work improvement was found to be improved
preloading of the ventricles by a properly timed atrial contraction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Geometry (left) and fiber orientation (right) of the DHF canine ventricular model.
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End-diastole Mid-systole Late-systole

Figure 2.
Distribution of fiber strain at three different time instants in the failing canine ventricular
model with simulated LBBB electrical activation.
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Figure 3.

A) LA (broken lines) and LV (solid lines) pressures and B) pressure-volume loops from the
simulations in which we only paced the RA and varied the time interval, 140 (black), 40
(red) and 0 ms (green), between RA pacing and LBBB electrical activation in the ventricles.
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Figure4.

A) LA (broken line) and LV (solid line) pressures and B) pressure-volume loops from the
LBBB and CRT simulations using the model from protocol I11 with atrial contraction
eliminated.
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Table 2

Stroke work improvement in simulation protocol 111

Page 16

Strokework for LBBB
activation (kPa*mL)

CRT reduces mitral
regurgitant ratio to

Scaling factor for
mitral valveresistance

Stroke work following
CRT (kPa*mL)

Stroke work improvement

163.2

31% 710 231.6 41.9%
15% 1670 209.5 28.4%
0% infinity 190.6 16.8%
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