®

American Heart

Circulation "=

® L dL.
Heart Failure earn and Live

JOURNAL OF THE AMERICAN HEART ASSOCIATION

Septal Defor mation Patter ns Delineate M echanical Dyssynchrony and Regional
Differencesin Contractility : Analysisof Patient Data Using a Computer Model
Geert E. Leenders, Joost Lumens, Maarten J. Cramer, Bart W.L. De Boeck, Pieter A.
Doevendans, Tammo Delhaas and Frits W. Prinzen
Circ Heart Fail 2012;5;87-96; originally published online October 6, 2011;

DOI: 10.1161/CIRCHEARTFAILURE.111.962704
Circulation: Heart Failure is published by the American Heart Association. 7272 Greenville Avenue, Dallas,
TX 72514
Copyright © 2012 American Heart Association. All rights reserved. Print ISSN: 1941-3289. Online | SSN:
1941-3297

The online version of this article, along with updated information and services, is located
on the World Wide Web at:
http://circheartfail ure.ahgournal s.org/content/5/1/87.full

Data Supplement (unedited) at:
http://circheartfail ure.ahajournal s.org/content/suppl/2011/10/07/CIRCHEARTFAILURE. 1
11.962704.DC1.html

Subscriptions: Information about subscribing to Circulation: Heart Failureis online at
http://circheartfail ure.ahajournal s.org/site/subscriptions/

Permissions. Permissions & Rights Desk, Lippincott Williams & Wilkins, a division of Wolters Kluwer
Health, 351 West Camden Street, Baltimore, MD 21201-2436. Phone: 410-528-4050. Fax:
410-528-8550. E-mail:

journal permissions@l|ww.com

Reprints: Information about reprints can be found online at
http://www.Ilww.com/reprints

Downloaded from circheartfailure.ahgjournals.org by FRITS PRINZEN on January 20, 2012


http://circheartfailure.ahajournals.org/content/5/1/87.full
http://circheartfailure.ahajournals.org/site/subscriptions/
mailto:journalpermissions@lww.com
http://www.lww.com/reprints
http://circheartfailure.ahajournals.org/

Septal Deformation Patterns Delineate Mechanical
Dyssynchrony and Regional Differences in Contractility
Analysis of Patient Data Using a Computer Model

Geert E. Leenders, MD*; Joost Lumens, PhD*; Maarten J. Cramer, MD, PhD;
Bart W.L. De Boeck, MD, PhD; Pieter A. Doevendans, MD, PhD;
Tammo Delhaas, MD, PhD; Frits W. Prinzen, PhD

Background—Response to cardiac resynchronization therapy depends both on dyssynchrony and (regional) contractility.
We hypothesized that septal deformation can be used to infer integrated information on dyssynchrony and regional
contractility, and thereby predict cardiac resynchronization therapy response.

Methods and Results—In 132 cardiac resynchronization therapy candidates with left bundle branch block (LBBB)-like
electrocardiogram morphology (left ventricular ejection fraction 19+6%; QRS width 170%23 ms), longitudinal septal
strain was assessed by speckle tracking echocardiography. To investigate the effects of dyssynchronous activation and
differences in septal and left ventricular free wall contractility on septal deformation pattern, we used the CircAdapt
computer model of the human heart and circulation. In the patients, 3 characteristic septal deformation patterns were
identified: LBBB-1=double-peaked systolic shortening (n=28); LBBB-2=early systolic shortening followed by
prominent systolic stretching (n=34); and LBBB-3=pseudonormal shortening with less pronounced late systolic stretch
(n=70). LBBB-3 revealed more scar (2 [2-5] segments) compared with LBBB-1 and LBBB-2 (both 0 [0-1], P<<0.05).
In the model, imposing a time difference of activation between septum and left ventricular free wall resulted in pattern
LBBB-1. This transformed into pattern LBBB-2 by additionally simulating septal hypocontractility, and into pattern
LBBB-3 by imposing additional left ventricular free wall or global left ventricular hypocontractility. Improvement of
left ventricular ejection fraction and reduction of left ventricular volumes after cardiac resynchronization therapy were
most pronounced in LBBB-1 and worst in LBBB-3 patients.

Conclusions—A double-peaked systolic septal deformation pattern is characteristic for LBBB and results from
intraventricular dyssynchrony. Abnormal contractility modifies this pattern. A computer model can be helpful in
understanding septal deformation and predicting cardiac resynchronization therapy response. (Circ Heart Fail. 2012;
5:87-96.)
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Left bundle branch block (LBBB) causes a disparity of
electrical activation of the heart that results in a promi-
nent electrical and mechanical activation delay (dyssyn-
chrony) between the right and the left ventricle (LV), and
between the septum and the left ventricle free wall
(LVFW).'-3 Such activation delays give way to reciprocal
contractile interactions that present as back and forth short-
ening and stretching of the myocardium (mechanical disco-
ordination), thereby instigating inefficient myocardial con-

traction and relaxation and ultimately leading to heart failure
and myocardial remodeling.?

Clinical Perspective on p 96

Because the interventricular septum is centered amid the
discoordinated right ventricular (RV) and LV walls, and is
additionally subject to altered loading by the abnormal
right-to-left transseptal pressure gradient, it is particularly
susceptible to motion and deformation abnormalities caused
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by LBBB.*> Abnormalities of septal motion and deformation
have therefore repeatedly been used to identify the mechan-
ical consequences of LBBB.°-% In line with the latter,
parameters of mechanical dyssynchrony often rely on abnor-
mal (early) septal motion or deformation for the identification
of mechanical dyssynchrony and the prediction of response to
cardiac resynchronization therapy (CRT).°

Besides disparity in timing of mechanical activation and
the abnormal transseptal pressure gradient, which are both
primarily influenced by the dispersed electrical activation,
regional heterogeneity in myocardial tissue properties (eg,
contractility and scarring) may additionally influence myo-
cardial deformation.®!9-13 Local tissue properties of the
septum and LVFW may thereby either mask or mimic septal
deformation abnormalities caused by mechanical
dyssynchrony.

We hypothesized that the septal deformation pattern can be
used to infer integrated information on dyssynchrony and
regional contractility and thereby predict CRT response. In
order to assess this hypothesis, we evaluated a patient
population, with LBBB and systolic heart failure, by echo-
cardiographic deformation imaging and additionally used the
multiscale CircAdapt model of the human heart and circula-
tion'#!5 to further elucidate the influence of each factor
individually on septal deformation.

Methods
Study Population and Protocol

The study population constituted a consecutive cohort of patients
(enrolled in the University Medical Center Utrecht between August
2005 and April 2009) undergoing CRT because of severe medication
refractory heart failure (New York Heart Association [NYHA] class
M-IV, left ventricle ejection fraction [LVEF] <35%) and evidence
of conduction disturbances (QRS =120 ms) with an LBBB-like
morphology on the surface electrocardiogram. Eight patients with
poor echocardiographic window, and 1 patient undergoing coronary
artery and mitral valve surgery within 6 months before CRT, were
excluded from the analysis. Echocardiographic and clinical charac-
teristics were prospectively assessed in all patients before and 6
months after CRT. The execution of the study complied to the
principles outlined in the Declaration of Helsinki on research in
human subjects and to the procedures of the local Medical Ethics
Committee.

Echocardiographic Protocol

Our echocardiographic protocol has been described in detail else-
where.® In brief, all data were obtained on a Vivid 7 ultrasound
machine (General Electric, Milwaukee, MN) using a broadband M3S
transducer for Doppler and 2-dimensional imaging. A minimum of 3
loops were acquired at breath hold and analyzed offline (Echopac
version 6.0.1, General Electric). LVEF, left ventricle end-systolic,
and end-diastolic volumes indexed for body surface area (LVESV;
and LVEDV;,, respectively) were measured by biplane Simpson
method. Mitral regurgitation effective regurgitant orifice (MRERO)
was quantified by the proximal isovelocity surface area method.
Interventricular septal and left ventricle posterior wall thickness were
measured on M-Mode in the parasternal long axis view. LV
end-diastolic sphericity was calculated by the ratio of the minor axis
to the major axis length of the LV, as derived from the apical
4-chamber view.

The LV was divided into 16 segments according to the recom-
mendations of the American Society of Echocardiography.'® Seg-
ments which displayed akinesis or dyskinesis in combination with a
disproportionate local wall thinning and hyperreflectivity in compar-
ison with adjacent contractile segments were scored as “scarred.”!”

For offline deformation imaging, additional single wall images of
the septum and lateral wall were prospectively acquired from the
standard apical views at 51 to 109 frames per second. Timing of
mitral and aortic valve opening and closure, as derived from Doppler
flow patterns over the left-sided valves, served as cardiac event
timing markers.

Deformation Analysis

Speckle tracking software was used to derive septal and lateral
LVFW deformation from the single wall recordings. Deformation
was measured from base to apex, covering the entire wall thickness
(Figure 1). Global longitudinal deformation (ie, calculated over the
entire length of the wall) was temporally aligned using onset of the
QRS complex as zero reference. Septal deformation patterns were
classified based on the sequence of septal shortening and stretching
during LV systole (ie, between mitral and aortic valve closure). Peak
systolic strain was defined where systolic shortening converted into
stretching, and the absolute strain value was maximally negative.
More than 1 systolic peak was adjudicated only if the amplitudes of
the peaks were within 150% relative range of each other; in all other
cases, the dominant peak was considered the only systolic peak
(Figure 1).

Device Implantation

Right atrial, RV, and LV leads were placed conventionally and
connected to a CRT device as described previously.® Atrioventricular
and ventriculoventricular intervals were optimized either by maxi-
mizing the invasively determined maximum rate of LV pressure rise
(n=92) or by intracardiac electrogram-based device algorithms
(n=40).

CircAdapt Model

The effects of dyssynchronous activation and regional LV con-
tractility differences on septal deformation were investigated
using the multiscale CircAdapt model of the cardiovascular
system.!4!5 The model contains modules representing myocardial
walls, cardiac valves, large blood vessels, and peripheral resis-
tances. It can simulate realistic beat-to-beat cardiovascular me-
chanics and hemodynamics under a wide variety of (patho-) physi-
ological circumstances.!>'8-20 To incorporate mechanical ventricular
interaction, 3 thick-walled segments representing the LVFW, the
interventricular septum, and the RV free wall are mechanically
coupled.!> From the geometry of each wall, representative local
myofiber strain is calculated. From myofiber strain, myofiber stress
is determined using a 3-element muscle model describing active and
passive cardiac myofiber mechanics.!'> The latter model incorporates
known sarcomere properties, such as velocity of sarcomere shorten-
ing as function of passive stretch, and strength and duration of
activation as function of sarcomere length.?'-23 Global left and right
ventricular pump mechanics are related to representative myofiber
mechanics in the 3 ventricular walls, using the principle of conser-
vation of energy. Because the pericardium can significantly modu-
late ventricular interaction,?*-27 the effect of the pericardium on
ventricular mechanics was included in the model (see the online-only
supplement).

Simulation of Normal Cardiovascular Mechanics
and Hemodynamics

First, the CircAdapt model was used to obtain the NORMAL
simulation, representing the cardiovascular system under baseline
resting conditions. Onset of mechanical activation of the 3 ventric-
ular walls was synchronous, with underlying identical electrome-
chanical delays in all walls. Myocardial contractility was normal.
Size and mass of cardiac walls and large blood vessels were tuned to
obtain normal cardiac output (5.1 l/min), mean arterial blood
pressure (92 mm Hg), and heart rate (70 bpm) at tissue-specific
physiological levels of mechanical load.'+!> Changes in local defor-
mation in subsequent simulations represent the effect of abnormal
electrical activation, reduction of contractility, and acute adjustments
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Figure 1. Measurement of septal deformation and adjudication of peaks. Longitudinal septal deformation is derived from single wall
images (panel A, upper left corner). The dotted white line in panel A represents global deformation (negative slopes indicate shortening)
of the interventricular septum and is used for septal deformation pattern classification. Aortic valve opening (AVO) and closure (AVC)
define the ejection period. Onset of the QRS complex (yellow circles and vertical lines) is used as zero strain reference. Adjudicated
peaks are identified within the systolic period (ie, between mitral valve closure [MVC] and aortic valve opening) and are indicated by red
dots in panels B and C. Panel B shows a pattern where the amplitude of the first peak is within 150% of the second peak, and 2 sys-
tolic peaks are adjudicated. Panel C shows an example where the amplitude of the second peak is >150% that of the first peak, lead-

ing to the definition of a “late peak.”

required to maintain normal levels of cardiac output and blood
pressure.

Simulation of Ventricular Mechanical
Dyssynchrony and Hypocontractility

To assess the effect of dyssynchronous mechanical activation on
septal deformation, onset of septal and LVFW mechanical activation
were delayed with respect to that of the RV free wall by 25 and 50
ms for the septum and 25, 50, 75, and 100 ms for the LVFW. In each
simulation, septal deformation was quantified as the percentage
change in sarcomere length, with respect to reference sarcomere
length at onset of RV free wall mechanical activation (ie, the first
ventricular activation), which was similar in all simulations (=30 ms
after right atrial activation) and was assumed to correspond best to
the zero-strain reference in the patients.

To assess the effect of local differences in contractile myofiber
function on septal deformation, we reduced myofiber contractility
by decreasing isometric active myofiber stress by 30 and 60% in
the septum and in the LVFW. These assessments were performed
in the simulation with 25 and 75 ms delayed onset of (mean)
septal and LVFW activation, respectively. These values were
chosen in order to cover the mean timing differences in RV,
septum, and LVFW, as observed in human LBBB patients.!?
Additionally, to assess the isolated effect of regional contractility
changes on septal deformation, hypocontractility simulations
were also applied to the NORMAL simulation (online-only
supplement).

Statistical Analysis

Statistical analysis was performed using the SPSS statistical software
package (SPSS Inc, Chicago, IL). Values are presented as mean and
standard deviation or median and interquartile range for continuous
variables as appropriate, and as numbers and percentages for
categorical variables. Assumptions on homogeneity of variances and

normally distributed residuals were checked by Levene test and Q-Q
plots, respectively. Comparison of continuous data between sub-
groups was performed by 1-way analysis of variance. Categorical
data was compared by x* or Fischer Exact test. Bonferroni post hoc
correction for multiple comparisons was applied when applicable. A
probability value <0.05 was considered statistically significant for
all analyses.

Results

Study Population
The final study population constituted 132 patients: 93 male
(70%), age 65*10 years, LVEF 19£6%, and 19 NYHA 1V
(14%). The cause of heart failure was ischemic in 69 patients
(52%). In total, 27 patients (20%) were previously known
with atrial fibrillation. All patients were on stable, maximally
tolerated heart failure medication, with angiotensin convert-
ing enzyme inhibitors or angiotensin receptor blockers in 117
(89%), B-blockers in 103 (78%), and diuretics in 126 (95%).
In the total population, 3 characteristic patterns of septal
deformation could be discerned (Figure 2): LBBB-1=
double-peaked systolic shortening in 28 patients (21%);
LBBB-2=early pre-ejection shortening peak followed by
prominent systolic stretching in 34 patients (26%); and
LBBB-3=pseudonormal shortening, with a late-systolic
shortening peak followed by less pronounced end-systolic
stretch, in 70 patients (53%).

Baseline Characteristics of the Deformation
Pattern Subgroups

Table 1 shows the baseline characteristics of the population.
In general, patients with LBBB-1 had electrical dyssynchrony
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Figure 2. Typical septal deformation patterns. Typical examples of septal deformation patterns in 3 left bundle branch block (LBBB)
patients; LBBB-1: double-peaked systolic shortening; LBBB-2: early pre-ejection shortening peak followed by prominent systolic

stretch; and LBBB-3: pseudonormal shortening with a late-systolic shortening peak and less pronounced end-systolic stretch. Green
vertical lines indicate aortic valve opening (AVO) and closure (AVC).

(evidenced by the broad QRS width) but relatively mild
adverse remodeling, as expressed by the moderate dilatation
(LVEDV; and LVESYV)), relatively preserved wall thickness
(intraventricular septal and left ventricle posterior wall thick-

ness), and only mild mitral regurgitation. LBBB-2 patients
had similar electrical dyssynchrony, but were characterized
by more pronounced structural adaptation and more globular
LV dilatation (as expressed by LV volumes and sphericity),

Table 1. Baseline Characteristics of Septal Deformation Pattern Subgroups
Septal Deformation Pattern P Value
LBBB-1 LBBB-2 LBBB-3 LBBB-1 vs LBBB-1 vs LBBB-2 vs

Parameter (n=28) (n=34) (n=70) ANOVA/x? LBBB-2 LBBB-3 LBBB-3
Age (y) 6212 65+11 678 0.150
QRS width (ms) 178+20 17620 164+23 0.003 1.000 0.012 0.020
Ischemic etiol. (%) 35.7 41.2 64.3 0.012 1.000 0.039 0.105
Scarred segm. (nr)* 0 (0-1) 0 (0-1) 2 (2-5) <0.001 1.000 0.003 0.003
Sept wall scar (nn)* 0 (0-0) 0 (0-0) 0(0-2) 0.007 1.000 0.048 0.023
Free wall scar (nn* 0(0-1) 0 (0-1) 1(0-3) 0.002 1.000 0.010 0.013
Syst. BP (mm Hg) 116+19 110+19 109+14 0.237
LVESVi (ml/m?) 90+32 124+35 102+39 0.001 0.001 0.528 0.012
LVEDVi (ml/m?) 117+36 147+39 125+41 0.007 0.010 0.993 0.032
LVEF (%) 22+6 16+4 20+7 0.001 0.001 0.931 0.003
LV sphericity 0.72+0.08 0.77%+0.10 0.71=0.09 0.004 0.041 1.000 0.004
IVSd (mm) 91+1.3 8.4+1.6 8.8+2.0 0.317
LVPWd (mm) 9.3+1.7 9.7+1.7 8.8+1.8 0.063 . .. ..
S/P thickness ratio 1.0+0.2 0.9+0.2 1.0+0.2 0.004 0.090 1.000 0.003
MRero (mm?) 6.1+5.9 10.2=74 9.9+8.0 0.061
Lead location (%) 0.689

(Postero)lateral 82 79 86

Anterolateral 4 6

Posterior 14 15
Optimization (%) 0.470

Hemodynamic 79 65 69

IEGM 21 35 31

*Median and interquartile range. etiol. indicates etiology; segm., segments; Syst BP, systolic blood pressure; LVESVi, left ventricle (LV) end-systolic volume index:
LVEDVi, LV end-diastolic volume index; LVEF, LV ejection fraction; LV sphericity, LV maximal short axis diameter divided by the maximal long axis diameter; IVSd,
interventricular septum diastolic thickness; LVPWd, LV posterior wall diastolic thickness; S/P thickness ratio, IVSd/LVPWd; MRero, mitral regurgitation effective
regurgitant orifice; IEGM, intracardiac electrogram algorithm.
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decreased LVEF, and decreased septal-to-posterior wall
thickness ratio compared with the other 2 groups. LBBB-3
patients more often had ischemic heart failure etiology with a
larger number of scarred segments throughout the LV,
particularly in the LVFW, when compared with the other 2
groups, and had on average less electrical dyssynchrony.

Model Simulations

Effect of Ventricular Dyssynchrony on
Septal Deformation
The septal deformation pattern in the NORMAL simulation

showed continuous septal shortening during LV ejection.
With progressive delay of LVFW activation (Figure 3A,
upper row), an increasing part of septal shortening occurred
before onset of LV ejection, in conjunction with an increase
of septal rebound stretch during ejection. Conversely, pro-
gressively delaying septal activation (Figure 3A, left column)
increased septal stretch before LV ejection. This prestretch in
turn increased systolic septal shortening by a local Starling
effect. The pattern of septal deformation appeared to be
sensitive to changes of LV intraventricular (ie, septal to
LVFW) delay rather than interventricular mechanical delay
(ie, RV free wall to LVFW). For example, an intraventricular
activation delay of 50 ms was consistently associated with a

double-peaked septal deformation pattern. Similar to septal
deformation pattern, LV end-systolic volume (LVESV) and
LVEF strongly depended on intraventricular dyssynchrony
(Figure 3B). With increasing septal to LVFW delay of
activation, the LV dilated and its systolic pump function
decreased. With 100 ms intraventricular delay, LVEF de-
creased by 9%-points, with LVESV increasing by 45%.

Effect of Regional Contractility Changes on Septal
Deformation Pattern
Figure 4A shows the effect of regional LV myocardial

contractility changes on the septal deformation pattern in case
of 25 and 75 ms delay of septal and LV free wall activation,
respectively. By decreasing septal contractility up to 60%, the
septal deformation pattern gradually transformed into an
early-peak pattern (Figure 4A, left column). On the other
hand, a 60% decrease of LV free wall contractility lead to a
late-peak pattern, irrespective of the presence of decreased
septal contractility (Figure 4A, upper row and right column).
Furthermore, the amount of septal systolic shortening de-
creased with decrease of septal contractility but increased
with decrease of LV free wall contractility. Changes in
systolic septal deformation were markedly less pronounced in
the absence of dyssynchrony (online-only supplement). With
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decreasing septal or LV free wall contractility, LVEF de-
creased and LVESYV progressively increased, both parameters
being more sensitive to LVFW than to septal hypocontractil-
ity (Figure 4B).

Measured Versus Simulated Septal

Deformation Patterns

The 3 characteristic septal deformation patterns, as measured
in the patients, could also be identified in the simulations
(Figure 5). The double-peaked LBBB-1 pattern was obtained
by simulating typical LBBB dyssynchrony of ventricular
activation. The early-peaked LBBB-2 pattern was obtained
by additionally imposing septal hypocontractility. The late-
peaked LBBB-3 pattern was obtained by simulation of
dyssynchronous ventricular activation with decreased LVFW
contractility, whether or not in combination with decreased
septal contractility.

Response to CRT
After 6 months CRT, a significant reduction of LV volumes
LVESV, 107%+37 to 90+45 mL/m,, P<<0.001) and mitral

regurgitation (MRero 9.2+7.4 to 6.0£6.1 mm?, P<0.001), in
combination with an improved LVEF (to 26%10%,
P<0.001), was observed in the patients. There was a signif-
icant difference in response between the 3 subgroups (Table
2). Reverse remodeling and improvement of LVEF were most
pronounced in patients with LBBB-1. Patients with LBBB-2
also showed significant, but less, remodeling and improve-
ment of systolic function. Patients with LBBB-3 did not show
a significant echocardiographic response to CRT, which was
also significantly less compared with the other 2 groups.

Discussion

In this study, we demonstrated within a typical CRT patient
population the presence of 3 characteristic septal deformation
patterns that showed a different response to CRT. Using the
CircAdapt model, we were able to demonstrate that these
patterns can be explained by various combinations of intra-
ventricular dyssynchrony and regional contractility. There-
fore, septal deformation provides integrated information on 2
key determinants of CRT response: dyssynchrony and re-
duced regional LV myocardial contractility.
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Figure 5. Comparison of measured and simulated septal deformation patterns. For a normal healthy subject (NORMAL) and 3 typical
patients each representing 1 of the left bundle branch block (LBBB) subgroups (LBBB-1, LBBB-2, and LBBB-3), septal deformation
patterns in the upper panels are compared with the model simulations in the lower panels (septal and left ventricle [LV] free wall strain
indicated by solid and dashed lines, respectively). Vertical dashed lines indicate aortic valve opening and closure. Starting from the nor-
mal simulation (lower left corner), similar characteristic septal deformation patterns are obtained as measured in the study population
by simple model simulations, that is, classical LBBB (25 and 75 ms delay of septal and left ventricle free wall activation, respectively)
with normal myocardial contractility (LBBB-1), LBBB with additional septal hypocontractility (LBBB-2), and LBBB with additional septal

and left ventricle free wall hypocontractility (LBBB-3).

Impact of Dyssynchrony on Septal Deformation

The findings in both the model and the patients indicate that the
double-peaked LBBB-1 pattern is the uncomplicated septal
deformation pattern in the presence of LBBB. The premature
interruption of early systolic shortening with systolic rebound
stretch that determines the first part of this pattern is a charac-
teristic feature of regional electrical preexcitation and has been
described in ventricular pacing,?$-3° accessory atrioventricular
pathways,?'32 and LBBB.35632 In the case of LBBB, the early
vigorous septal shortening has been ascribed to low local
afterload during early activation. The model also indicates that

the remaining part of the complicated septal deformation pattern
in LBBB can be attributed to dyssynchronous activation, without
additional alterations in myocardial tissue properties or loading
conditions. The subsequent local rebound stretch in the septum
most probably results from an imbalance in tensional forces
between the early activated septum and the later activated
LVFW, whereas the second shortening peak, observed in
LBBB-1, indicates re-equilibration of these forces later in
systole.

The simulations also indicate that LV intraventricular,
rather than interventricular dyssynchrony, is the main deter-

Table 2.  Echocardiographic Response of Septal Deformation Pattern Subgroups

Septal Deformation Pattern P Value
Parameter LBBB-1 LBBB-2 LBBB-3 ANOVA/x? LBBB-1 vs LBBB-2 LBBB-1 vs LBBB-3 LBBB-2 vs LBBB-3
ALVEDVi (%) 26+17 16+22 2+16 <0.001 0.137 <0.001 0.002
ALVESVi (%) 37+20 24+24 5+20 <0.001 0.068 <0.001 0.001
ALVEF (%-point) 13+9 8+7 3+7 <0.001 0.021 <0.001 0.007
AMRero (%) 58+42 2059 21+49 0.012 0.028 0.015 1.000

LVEDVi indicates LV end-diastolic volume index; LVESV;, LV end-systolic volume index; LVEF, LV ejection fraction; MRero, mitral regurgitation effective regurgitant

orifice.
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minant of septal deformation. This finding may seem in
contrast with previous echocardiographic M-mode studies
attributing the observed motion abnormalities mainly to
abnormal interventricular coupling and the resulting transsep-
tal pressure gradient.*33 Interventricular interaction and in-
traventricular dyssynchrony do, however, closely intertwine,
and intraventricular dyssynchrony almost inevitably leads to
an abnormal transseptal pressure gradient.*>° Our findings do
not preclude an effect of interventricular coupling on septal
deformation. They rather indicate that the interactions are
initiated by LV intraventricular dyssynchrony and that the
timing of activation of the RV free wall is of minor
importance.

Modification of Septal Deformation by Regional
Contractility Changes
The model study furthermore indicates that, on top of
dyssynchrony, regional contractility influences septal defor-
mation. Pattern LBBB-2 and LBBB-3 were derived from the
LBBB-1 pattern by reduction of septal and LVFW contrac-
tility, respectively. It thus appears that reduction of septal
contractility precludes the equilibration of contractile forces
during late systole, while the relatively unopposed early
shortening remains unaffected. On the other hand, reduction
of LVFW contractility reduces the stretching forces imposed
on the septum, thus allowing the septal contraction to be
extended further into systole. The fact that contractility
changes alone could not induce an early systolic shortening
peak further confirms the specificity of this pattern as a
marker of electrical dyssynchrony (online-only supplement).
The computer simulation does not distinguish between
various causes of hypocontractility. In patients, the cause
could be either scar of an old infarct, hibernation, or localized
disease-specific processes. In the patients, we found an
increased amount of (LVFW) scar in conjunction with the
LBBB-3 pattern, fitting with the reduced LVFW contractility
required to obtain this pattern in the model (Table 1). In
LBBB-2 patients, however, we did not find an increased
amount of septal scar, whereas the LBBB-2 simulation
required the reduction of septal contractility. Alternatively,
hibernation, echocardiographically undetectable midseptal
scarring,>* or advanced LBBB-specific remodeling pro-
cesses>2%-3> might explain the relatively reduced septal con-
tractility, the latter being partly supported by the more
pronounced remodeling in those patients (Table 1).

Relation of Septal Deformation With

CRT Response

In previous studies, it has been demonstrated that the extent
of dyssynchrony-induced deformation abnormalities (ex-
pressed as systolic rebound stretch in the entire LV or in the
septum alone) relates to the functional impact of dyssyn-
chrony and the benefit of resynchronization.® This observa-
tion is in agreement with the demonstration in this study that
septal deformation is directly linked to dyssynchronous acti-
vation within the LV, a recognized electro-mechanical sub-
strate for CRT. In our simulations, application of dyssyn-
chrony induced changes in global LV function and
dimensions comparable to those observed in canine LBBB

hearts.3¢ It is worth noting that in the model, cardiac output
and mean arterial blood pressure were kept constant. In vivo,
pump function is reduced immediately after inducing dyssyn-
chrony, but (partly) recovers after some time, because of
autonomic and renal compensation mechanisms. Therefore,
the extent of increase in LVESV, and decrease in LVEF in the
model, are more in line with changes after longer lasting
LBBB than acutely after LBBB.

Previous studies have indicated that LV scarring reduces
CRT response, especially when located in the posterolateral
region.!>13 This has been attributed mainly to pacing delivery
failure and lack of recruitable myocardium. Additionally, the
results in the current study indicate that extensive LV
hypocontractility might mitigate the translation of electrical
dyssynchrony into mechanical discoordination. Accordingly,
the presence of LVFW hypocontractility resulted in less
discoordinate septal deformation with little systolic rebound
stretch (ie, LBBB-3), and likewise, with a smaller benefit of
CRT. The moderate response in the LBBB-2 patients, on the
other hand, can be explained by the reduced amount of septal
contractility that can be recruited by CRT, either because of
scarring or because of extensive and partly irreversible
remodeling.?’

Potential Clinical Implications

The finding that uncomplicated LBBB results in double-
peaked septal deformation demonstrates that assessment of
dyssynchrony by time-to-peak measurements is not straight-
forward.®3% QOur data further demonstrate that, at the same
intraventricular dyssynchrony, the peak shortening time de-
pends on contractility of the septum and LVFW. These
factors may explain why several studies showed a poor
relation between time-to-peak measurements and CRT re-
sponse. Conversely, our data suggest that the septal deforma-
tion pattern provides integrated information on intraventric-
ular dyssynchrony and regional LV scarring, 2 important
determinants of CRT response. Assessment of septal defor-
mation, potentially assisted by a patient computer model,
might, therefore, provide an alternative to multimodality
assessment (ie, echocardiography and magnetic resonance
imaging or myocardial scintigraphy) before CRT.

Limitations
In our model, each of the 3 ventricular walls was lumped into
a spherical wall segment containing a single contractile fiber
describing representative passive and active sarcomere prop-
erties of the entire wall.2 This simplified setup allows
inhomogeneity of material properties between ventricular
walls but does not allow local inhomogeneities within a wall.
Despite the inherent limitations, this provides a clearer
mechanistic view, because of less alternating parameters. The
qualitative and sometimes quantitative agreement between
the model simulations and the clinical measurements of septal
deformation indicate that the simplifications made in the
simulations do not obscure first-order effects of ventricular
mechanical dyssynchrony and hypocontractility on the septal
deformation pattern.

We used the echocardiographic aspect of the myocardium
to diagnose the presence of scar. Although this is an accepted
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approach,!” the use of late gadolinium-enhanced magnetic
resonance imaging might have revealed additional areas of
(more subtle) scarring.

Because the current study is the first study investigating the
interrelation between dyssynchrony, contractility, and septal
deformation, its design was mainly exploratory without
predefined specific cut-offs for a clinically relevant magni-
tude of the differences. Also, only patient data from a single
institution were analyzed. The results, therefore, need to be
confirmed in a prospective multicenter study. In addition,
future studies should establish whether the current findings
can be generalized to patients with less severe heart failure.

Conclusion
The pattern of septal deformation is highly sensitive to
ventricular dyssynchrony and regional differences in myocar-
dial contractility and thereby predicts CRT response. Model
simulations can extract otherwise concealed diagnostic infor-
mation from the septal deformation patterns as measured in
the patients.
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CLINICAL PERSPECTIVE

Dyssynchrony and regional contractility reduction (eg, by left ventricular scarring or localized remodeling processes) are
2 key determinants of cardiac resynchronization therapy response. The current study assessed the influence of both factors
on the deformation pattern of the interventricular septum in patients and in a computer model of the heart and circulation.
By using this combined approach, we demonstrate that combinations of dyssynchrony and reduced regional contractility
result in 3 characteristic septal deformation patterns, each associated with a different clinical response chance. “Isolated”
left bundle branch block (LBBB), that is, substantially delayed activation of the left ventricle free wall with normal
contractility, resulted in double-peaked systolic shortening (LBBB-1). LBBB with septal hypocontractility resulted in an
early-systolic shortening peak followed by prominent systolic stretching (LBBB-2), whereas LBBB with left ventricle free
wall or global hypocontractility resulted in pseudonormal systolic shortening with a late-systolic peak (LBBB-3).
Improvement of left ventricle ejection fraction and reduction of left ventricle volumes after cardiac resynchronization
therapy were most pronounced in LBBB-1 and worst in LBBB-3 patients. The current study indicates that the pattern of
septal deformation can be used to infer information on the presence of substantial dyssynchrony and reduced regional
contractility. The study also indicates that assessment of septal deformation patterns, assisted by a personalized computer
model, may further improve the prediction of cardiac resynchronization therapy response. Finally, double-peaked patterns,
and the sensitivity of the patterns to regional contractility, illustrate the practical and conceptual limitations of time-to-peak
measurements (dyssynchrony) to predict cardiac resynchronization therapy response.
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SUPPLEMENTAL MATERIAL

Supplemental methods

Pericardium

In several studies, it has been shown that the pericardium significantly modulates
ventricular interaction. Since ventricular interaction has been suggested to play an
important role during left ventricular (LV) pacing,” ® we included the pericardium in the
CircAdapt model. The passive mechanical behavior of the pericardium was modeled by a
pericardial pressure acting on the epicardium of the LV and RV free walls as well as of
the atria (Figure S1). Consequently, transmural pressure across the LV free wall equals
LV cavity pressure minus pericardial pressure whereas transmural pressure across the RV
free wall equals RV cavity pressure minus pericardial pressure. Similarly, transmural
pressure across the atrial walls equals atrial cavity pressure minus pericardial pressure.
Moreover, the external pressure surrounding the pericardium is assumed to be zero.

Instantaneous pericardial pressure pyeri depends on pericardial volume Ve by

Pperi (1) = Pres- [V"V—(t)]m

ref

where the constants pres and Vs represent reference pericardial pressure and volume,
respectively. In experimental animals’ as well as in patients,® the pericardium has been
shown to be capable of adapting over time to changes in cardiac size. In our NORMAL
model simulation, the pericardium is assumed to be adapted to a moderate level of
exercise (3x resting cardiac output and 2x resting heart rate), i.e., Ve is adapted so that

mean pericardial pressure amounts to the preset value pys 0f 4 mmHg. In all other
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simulations, the pericardium was not further adapted, i.e., passive pericardial material

properties were identical in all simulations.

Supplemental results

Effect of regional LV contractility changes on septal deformation pattern in the absence
of ventricular dyssychrony

Figure S2A shows the isolated effect of regional LV myocardial contractility changes on
the septal deformation pattern in a heart with normal (synchronous) activation of the
ventricular walls. As in the dyssynchronous simulations, the amount of septal systolic
shortening decreased with decrease of septal contractility, whereas it increased with
decrease of LV free wall contractility. The majority of the dyssynchronous simulations
however, were characterized by an early systolic peak. This peak only disappeared in
case of severely decreased LV free wall contractility, transforming the septal deformation
pattern into a pattern with a late systolic peak (Figure 4A). Conversely, isolated regional
decrease of contractility in the absence of dyssynchrony did not result in an early systolic
shortening peak. Decrease of septal contractility rather resulted in pronounced septal
stretch before ejection and an extremely late postsystolic septal shortening peak.
Decrease of LV free wall contractility on the other hand, resulted in a similar late-systolic
peak as observed in dyssynchronous hearts with reduced LV free wall contractility
(Figure S2A), but with less pronounced systolic rebound stretch after the peak. Figure
S2B shows the changes of LV systolic pump function as a result of septal and LV free
wall hypocontractility in the normal heart. Similar to the dyssynchronous simulations,

decreases of septal or LV free wall contractility lead to a deterioration of global LV pump
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function as evidenced by the increase of LV end-systolic volume and the decrease of LV

ejection fraction.

Supplemental figures and figure legends
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Figure S1: Schematic representation of the CircAdapt model
The CircAdapt model is designed as a network of modules representing myocardial
walls, valves, large blood vessels, and peripheral resistances. The ventricular cavities are

surrounded by three thick-walled segments representing the left ventricular (LV) free

Downloaded from circheartfailure.ahgjournals.org by FRITS PRINZEN on January 20, 2012


http://circheartfailure.ahajournals.org/

wall, the right ventricular (RV) free wall, and the septum. The pericardium is modeled as
a passive sheet surrounding the ventricles and atria. The pulmonary (Pulm) and systemic
(Syst) circulations enable hemodynamic interaction between the left and right side of the
heart. Abbreviations: AoV = aortic valve; LA = left atrium; MiV = mitral valve; PuV =

pulmonary valve; RA = right atrium; and TrV = tricuspid valve.
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pattern and on global left ventricular pump function and dimension in the absence

of ventricular dyssynchrony.
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A: Simulated septal myofiber strain (black lines) in a heart with normal synchronous
ventricular activation in combination with normal and regionally reduced LV myocardial
contractility. The LV ejection period is highlighted in grey. LVFW strain is indicated by
grey lines. Note that, according to the model, an early systolic peak does not occur as a
result of isolated contractility differences in the absence of dyssynchrony. B: Maps
showing the relative change of LV end-systolic volume (ESV) and the absolute change of

LV ejection fraction (EF) due to reduction of myocardial contractility.
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