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Abstract

Coronary artery disease (CAD) can lead to myocar-
dial scarring and impaired left ventricular ejection frac-
tion (LVEF), a key parameter in clinical decision-making.
This study investigates how scar size and location influ-
ence LVEF using electro-mechanical whole heart simula-
tions.

We modeled scars resulting from occlusions in the left
anterior descending artery (LAD), right coronary artery
(RCA), and left circumflex artery (LCx), based on LGE-
CMR statistics from single-vessel CAD patients. Simula-
tions were performed on two heart anatomies, considering
three scar sizes (6.5 %, 12.9 %, and 19.4 % of LV volume)
and five locations per size and artery. In total, 92 electro-
mechanical simulations were conducted.

LCx-related scars led to the most pronounced reductions
in LVEF across both anatomies and all scar sizes (mean
LVEF reductions at maximum scar size: LCx: 15.43 %,
RCA: 11.05 %, LAD: 10.65 %). When analyzing LVEF
against the total affected myocardial volume (scar + gray
zone), we observed that the impact of LCx scars on LVEF
remained greater than that of RCA and LAD scars.

Clinical studies showed that scar size is an independent
predictor of ventricular arrhythmias, irrespective of LVEF.
Combined with our finding that LVEF impairment depends
on scar location, this suggests that decisions regarding
ICD therapy should incorporate scar metrics rather than
LV function alone.

1. Introduction

Coronary artery disease (CAD) can lead to the forma-
tion of scar tissue and in turn to reduced left ventricular
ejection fraction (LVEF) [1]. LVEF plays an important
role in clinical decision-making [2], e.g. for cardiac resyn-
chronization therapy [3] and implantable cardioverter de-
fibrillators (ICDs) [4]. However, while LVEF ≤ 35% is
strongly associated with all-cause and cardiac death, its
prognostic value for sudden cardiac death (SCD) is weak
compared to that of scar extent [5]. This highlights the

need for a better understanding of the relationship between
myocardial scar characteristics and functional impairment.
In this study, we investigated whether the location of a scar
impacts its effect on LVEF.

2. Material and methods

2.1. Study design

We performed electro-mechanical whole-heart simula-
tions for three different scar regions in the left ventricle
(LV) corresponding to occlusions of three different infarct
related arteries (IRAs), namely left anterior descending
artery (LAD), right coronary artery (RCA) and left circum-
flex artery (LCx). Scar size and IRA regions were based
on the mean values± 1 standard deviation of the man-
ual assessment of left ventricle LGE-CMR data from 34
single-vessel CAD patients [6]. We examined scars of ap-
proximately 19.4% (severe), 12.9% (moderate) and 6.5%
(mild) of the LV myocardial volume. For each scar size
and IRA, we simulated five possible locations on two dif-
ferent whole-heart geometries. The study design is shown
in Figure 1. In total, we carried out 92 simulations (2 ge-
ometries × 3 scar regions × 3 scar sizes × 5 scar locations
+ 2 control simulations).

2.2. Simulation setup

This study is based on the electro-mechanical model
of Gerach & Loewe [7]. We considered two different
anatomies. Anatomy Gerach corresponds to the geom-
etry used in [7], generated from MRI data of a 33-year old
male healthy volunteer [8].

Anatomy Rodero-01 corresponds to instance ‘01’
from the virtual cohort of adult healthy hearts based on
CT imaging published by Rodero et al. [9]. We computed
atrial materials and fibers using AugmentA [10] and added
a volumetric representation of the pericardium to the me-
chanics mesh in order to restrict the movement of the epi-
cardial surface [11].
The gray zone separating scar and healthy myocardium
had a width of ≈ 6mm. It was automatically gener-
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Figure 1. Study design consisting of 2 anatomies, 3 IRAs
(and their corresponding potential scar regions taken from
[6]), 3 scar sizes and 5 scar locations based on the potential
scar regions of their respective IRA.

ated based on the scar geometry, leading to different to-
tal affected myocardial volumes (scar + gray zone) for the
same scar size but different scar shapes. Ventricular cel-
lular electrophysiology was described using the ten Tuss-
cher et al. [12] model. Ion channel conductances were
modified according to Salvador et al. [13]:
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with GX as the conductance for ion channel X and ĜX

as its healthy reference value. η is a parameter that al-
lows for a linear interpolation between fully healthy case
(η = 1.0) and gray zone (η = 0.1) modifications based on
patch clamp recordings [14]. Scar tissue was modeled as

electrically inactive. Additionally, electrical conductivi-
ties and mechanical stiffness were scaled in accordance
with [13]:

D = ηD̂ (5)

C = (η + 4.56 (1− η)) Ĉ. (6)

D̂ and Ĉ are the diffusion tensor and mechanical stiffness
for healthy myocardium. Corresponding values were taken
from [7]. Following [13], η was set to be 1.0 for healthy
tissue, 0.1 for the gray zone, and 0.0 for scar tissue. The
remaining parameters, including atrial electrophysiology
and mechanics as well as circulatory system model prop-
erties, were taken from [7].

Simulations were run for three heartbeats with a basic
cycle length of 0.8 s (=̂75 bpm). Results are reported for
the last cycle.

3. Results

Mean LVEFs for Gerach and Rodero-01 are shown
in Fig. 2 and Fig. 3, respectively. Occlusions from LCx
scars led to the highest reduction in LVEF for each eval-
uated scar size and for both anatomies. For the Gerach
anatomy, LVEF reduction was more prominent for RCA
scars than for LAD scars. Severe scars led to mean EFs
of 42.23%, 41.01% and 38.52% for LAD, RCA and LCx
scars, respectively (control: 51.47%). For Rodero-01
(see Fig. 3), LAD and RCA scars led to approximately the
same mean LVEFs (mild: 56.33% to 56.27%, moderate:
52.33% to 52.50%). For the severe cases, mean LVEF re-
sults were 48.55%, 48.97% and 42.71% for LAD, RCA
and LCx scars, respectively (control: 60.61%).
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Figure 2. Mean (n= 5) LVEF for heart anatomy Gerach
(bottom left) for scars from LAD (blue), RCA (green) and
LCx (orange) occlusions. Dashed line represents control
LVEF (no scar tissue) of 51.47%.
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Figure 3. Mean (n= 5) LVEF for heart anatomy
Rodero-01 (bottom left) for scars from LAD (blue),
RCA (green) and LCx (orange) occlusions. Dashed line
represents control LVEF (no scar tissue) of 60.61%.

Figure 4 presents ejection fraction outcomes across
all Rodero-01 simulations relative to the total affected
myocardial volume (combined size of scar and gray
zone). Regression lines for LAD and RCA scars are al-
most visually indistinguishable (mLAD =−0.291%cm−3,
mRCA =−0.295%cm−3) while LCx scars led to an LVEF
reduction of −0.350% per cm3 of affected tissue.

0 10 20 30 40 50

50

60

mLAD =−0.291%cm−3

mRCA =−0.295%cm−3

mLCx =−0.350%cm−3

Combined size of scar and gray zone in cm3

LV
E

F
in

%

LAD
RCA
LCx

Figure 4. Relation of LVEF and affected myocardial vol-
ume (combined scar + gray zone) for the Rodero-01
anatomy. Results are grouped according to their IRA
(LAD: blue rings, RCA: green triangles, LCx: orange
crosses).

4. Discussion and conclusion

We showed that at a given scar size, scar tissue in the left
ventricular free wall (LCx-related scars) leads to more sub-

stantial reductions in LVEF than scar tissue in the septum.
However, not only the size of the scar but also the size of
the gray zone reduces LVEF. Automatic gray zone genera-
tion led to different sizes of total affected myocardial vol-
ume. Especially for LCx scars, this is apparent (see Fig. 4).
Based on the reported values in [6], the maximum trans-
murality was approx. 100% for LAD and RCA scars and
72% for LCx scars. Since the LCx scars in this study are
never fully transmural, the automatically generated gray
zone extends also in transmural direction and consequently
amounts to a larger total volume. With the choice of a con-
stant η = 0.1 instead of a gradient for the gray zone follow-
ing [13], the passive material behavior for the gray zone
is similar to the one of scar tissue (refer to Equation 6),
which in theory could be the sole reason behind the in-
creased LVEF reduction in LCx scars. However, Figure 4
shows that this is not the case. For the same anatomy
(Rodero-01), LVEF reduction is increased for LCx scars
even if plotted over the combined volume of scar and gray
zone. In fact, moderate LCx scars resulted in slightly
lower LVEFs (mean LVEF: 48.28%) compared to severe
RCA and LAD scars (48.97% and 48.55%, respectively)
while occupying less total myocardial volume (mean val-
ues: 35.18 cm3 compared to 39.24 cm3 and 40.95 cm3).

Our results indicate that not only the size but also the
location of the scar tissue drives the reduction in LVEF for
patients with CAD. Different slopes of the negative lin-
ear relation between scar (or scar + gray zone) size and
LVEF for different scar locations is in agreement with clin-
ical studies comparing myocardial infarct size and result-
ing LVEFs [15]. The existence of a threshold for which
below a critical infarct size there is no change in LVEF as
proposed by Pride et al. [15] (15%) in 2010 and by Sci-
agrà et al. [16] (8%) in 2013 could not be verified with our
model. All simulations, including the ones with approx.
6.5% scar size, show a decline in LVEF as compared to
the control simulation with no scar tissue.

The presence of a large scar, as determined by the
Selvester QRS score, has been shown to be an indepen-
dent predictor of ventricular arrhythmias in ICD recipients
with untreated chronic total coronary occlusion [17]. Fur-
thermore, Scott et al. [18] reported in a single-center pi-
lot study of patients with CAD and ICDs that the extent
of myocardial scar characterized by LGE-CMR is strongly
associated with the occurrence of spontaneous ventricular
arrhythmias, independent of LVEF. In their study, LVEF
was not associated with the study end point (appropriate
ICD therapy). Similarly, Bello et al. [19] reported that in-
farct surface area and mass, as measured by cardiac MRI,
are better identifiers for patients who have a substrate for
monomorphic ventricular tachycardia than LVEF. In a re-
cent study including more than 1000 patients suffering
from non-ischemic cardiomyopathy, Klem et al. [5] re-
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ported scar size to have strong prognostic value for SCD,
but found no significant association between LVEF≤ 35%
and SCD risk.

Combined with the results of this computational study,
showing that similar scar sizes can lead to substantially dif-
ferent LVEFs, we believe that future clinical studies should
include scar size estimation and focus less on LVEF.
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