Journal of

%

Clinical Medicine

Article

The Value of Left Ventricular Mechanical Dyssynchrony and
Scar Burden in the Combined Assessment of Factors Associated
with Cardiac Resynchronization Therapy Response in Patients

with CRT-D

Tariel A. Atabekov

, Mikhail S. Khlynin *¥, Anna I. Mishkina, Roman E. Batalov, Svetlana I. Sazonova,

Sergey N. Krivolapov, Victor V. Saushkin, Yuliya V. Varlamova, Konstantin V. Zavadovsky and Sergey V. Popov

check for
updates

Citation: Atabekov, T.A.; Khlynin,
M.S.; Mishkina, A.L; Batalov, R.E.;
Sazonova, S.I.; Krivolapov, S.N.;
Saushkin, V.V.; Varlamova, Y.V,;
Zavadovsky, K.V.; Popov, S.V. The
Value of Left Ventricular Mechanical
Dyssynchrony and Scar Burden in
the Combined Assessment of Factors
Associated with Cardiac
Resynchronization Therapy
Response in Patients with CRT-D. |.
Clin. Med. 2023, 12, 2120. https://
doi.org/10.3390/jcm12062120

Academic Editor: Andrea Di Cori

Received: 6 February 2023
Revised: 1 March 2023
Accepted: 7 March 2023
Published: 8 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Cardiology Research Institute, Tomsk National Research Medical Center, Russian Academy of Sciences,
Kievskaya St., 111a, Tomsk 634012, Russia; sazonova_si@mail.ru (S.L.S.)
* Correspondence: mskhlynin@mail.ru

Abstract: Background: Cardiac resynchronization therapy (CRT) improves the outcome in patients
with heart failure (HF). However, approximately 30% of patients are nonresponsive to CRT. The aim
of this study was to determine the role of the left ventricular (LV) mechanical dyssynchrony (MD) and
scar burden as predictors of CRT response. Methods: In this study, we included 56 patients with HF
and the left bundle-branch block with QRS duration > 150 ms who underwent CRT-D implantation.
In addition to a full examination, myocardial perfusion imaging and gated blood-pool single-photon
emission computed tomography were performed. Patients were grouped based on the response to
CRT assessed via echocardiography (decrease in LV end-systolic volume >15% or/and improvement
in the LV ejection fraction >5%). Results: In total, 45 patients (80.3%) were responders and 11 (19.7%)
were nonresponders to CRT. In multivariate logistic regression, LV anterior-wall standard deviation
(adjusted odds ratio (OR) 1.5275; 95% confidence interval (CI) 1.1472-2.0340; p = 0.0037), summed
rest score (OR 0.7299; 95% CI 0.5627-0.9469; p = 0.0178), and HF nonischemic etiology (OR 20.1425;
95% CI1.2719-318.9961; p = 0.0331) were the independent predictors of CRT response. Conclusion:
Scar burden and MD assessed using cardiac scintigraphy are associated with response to CRT.

Keywords: heart failure; left bundle-branch block; mechanical dyssynchrony; response to cardiac
resynchronization therapy; gated SPECT myocardial perfusion imaging

1. Introduction

Heart failure (HF) is a rapidly growing public health issue, with an estimated preva-
lence of more than 37.7 million individuals globally [1]. In the developed world, this
disease affects approximately 2.0% of the adult population [2]. In the United States, the
total percentage of the population with HF is projected to rise from 2.4% in 2012 to 3.0%
in 2030 [3,4]. In Russian Federation, the prevalence of chronic HF (CHF) is 10.2% [5]. The
main cause of CHF is coronary heart disease, which accounts for about 70.0%, and the
remaining 30.0% are nonischemic heart diseases [6]. More than two decades of research
has established the role of cardiac resynchronization therapy (CRT) in medically refrac-
tory, mild to severe systolic HF with abnormal QRS duration and morphology [7]. The
prolongation of QRS (120 ms or more) occurs in 14.0% to 47.0% of HF patients and the
ventricular conduction disturbance, most commonly the left bundle-branch block (LBBB),
is present in approximately one-third of HF, leading to the mechanical dyssynchrony (MD)
of ventricles [6,8]. Prospective randomized studies of patients with both ischemic HF
(IHF) and nonischemic HF (NIHF) have shown that CRT translates into long-term clinical
benefits, such as improved quality of life, increased functional capacity, reduction in hospi-
talization for HF, and overall mortality [9-11]. These patients qualified as responders to
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CRT [12,13]. However, CRT is effective in 70.0% of patients, and the remaining 30.0% do
not respond to the device therapy [7,14]. This finding suggests that the existing criteria for
patient selection to CRT are not always effective. In this regard, it is necessary to search for
additional selection criteria or prognostic markers for CRT response in patients with CHF.

Some studies have shown that the ventricular MD assessment using transthoracic
echocardiography (TTE), magnetic resonance imaging (MRI), computed tomography (CT),
and single-photon emission computed tomography (SPECT) can play a key role in the
prediction of CRT response [15-19]. However, according to other studies, TTE indicators are
not reliable CRT response predictors [20]. The application of MRI, despite its high accuracy
and information content, is limited by its high cost and complexity of cardiac protocols,
and it is an operator-dependent method [21]. By contrast, gated myocardial perfusion
imaging (MPI) and gated blood-pool SPECT (gBPS) are simpler, have higher reproducibility,
and allow for the detection of the area of ventricular MD and impaired myocardial flow
and scarring [22]. The predictive value of MD and scar burden assessed via MPI remains
disputable. In some studies, MD is correlated with the positive response to CRT in patients
with HF of ischemic and nonischemic etiologies [23,24]. However, another work shows the
absence of MD prognostic significance in patients with IHF [25,26]. The good prognostic
value of scar burden assessed via cardiac scintigraphy has been demonstrated in several
studies [27]. However, papers devoted to the combined assessment of the factors associated
with reverse remodeling, which can be used for the improved selection of patients for CRT,
are rare [28].

The aim of this study was to identify the significance of MD and scar burden assess-
ment using MPI and gBPS as a combined predictor of CRT response in patients with HF of
ischemic and nonischemic etiologies.

2. Materials and Methods
2.1. Patient Population and Study Design

Patients with indications for CRT according to the ESC guidelines were included in
this clinical, nonrandomized, open, prospective study [29]. The inclusion and exclusion
criteria were determined in accordance with the research project “Single-Photon Emission
Computed Tomography for Prediction and Evaluation of Cardiac Resynchronization Ther-
apy Efficacy in Chronic Heart Failure Patients” (ClinicalTrials.gov, NCT03667989). Patients
who were included in the study met the following criteria: the presence of HF (ischemic
or nonischemic etiology), sinus rhythm, permanent LBBB with QRS duration >150 ms,
New York Heart Association (NYHA) functional class (FC) of HF II-I11, left ventricular
ejection fraction (LVEF) <35%, and optimal medical therapy for at least 3 months. Individ-
uals with NYHA FC of HF 0, I, IV, decompensated HF, recent myocardial infarction (less
than 3 months), recent revascularization (within last 3 months), other cardiac intervention,
acute HF decompensation, right bundle-branch block, previously implanted pacemaker or
cardioverter—defibrillator, severe comorbidity, cognitive impairment, or with indications
of revascularization and heart transplantation, as well as patients under 18 years of age,
were excluded. HF etiology was considered ischemic in the presence of significant coronary
artery disease (>50% stenosis in one or more of the major coronary arteries) and/or a
history of myocardial infarction or prior revascularization.

All patients underwent full physical examination (6 min walk distance test (6MWDT),
electrocardiography (ECG), transthoracic echocardiography (TTE), Holter ECG monitoring,
coronary angiography, and blood analyses), MPI with 9mTc—methoxy isobutyl isonitrile
(99mTc-MIBI) and gBPS before device implantation. In all cases, CRT devices with the
defibrillation function (CRT-D) were implanted, according to the ESC guidelines [29]. All
patients received the basic therapy in accordance with the present guidelines. The follow-up
was performed 6 months after CRT-D implantation.
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2.2. Consent

The study was carried out in accordance with the principles of the Helsinki Declaration
and with the standards of good clinical practice. The study protocol was approved by the
local ethics committee. All the participants received written informed consent prior to the
study inclusion. Ethical approval by the hospital review committee and patient consent
according to the institutional guidelines were obtained.

2.3. Minute Walk Distance Test

The assessment of HF FC was performed in accordance with the NYHA criteria, using
6MWDT before and 6 months after CRT-D implantation. For the analysis, the walking
distance in meters and NYHA FC were used, and the following ranking was used:

- More than 551 m—the patient has no signs of HF;
- A distance of 426-550 m—I FC of HF;

- A distance of 301-425 m—II FC of HF;

- A distance of 151-300 m—III FC of HF;

- Less than 150 m—IV FC of HE.

2.4. TTE Acquisition and Analysis

TTE with the intracardiac hemodynamic parameter assessment was performed using
Philips HD15 PureWave (the Netherlands) ultrasound machine before and after 6 months
of CRT-D implantation. The examination was carried out from standard positions with the
determination of the left atrium (LA) and right ventricle (RV) sizes, interventricular septum
(IVS) and LV posterior-wall (LVPW) thickness, LV end-systolic dimension (LVESD), LV end-
diastolic dimension (LVEDD), LV end-systolic volume (LVESV), LV end-diastolic volume
(LVEDV), the index of myocardial mass (IMM), LVEF, right ventricular systolic pressure
(RVSP), stroke volume (SV), LV end-systolic index (LVESI), LV end-diastolic index (LVEDI),
the left atrial index (LAI), and the right atrial index (RAI). The mitral, tricuspid, and aortic
valve functions, as well as the right and left ventricular contractility, were assessed.

2.5. Scintigraphic Data Acquisition

The scintigraphy examination was performed using CZT SPECT/CT (GE Discov-
ery 570C, GE Healthcare, Haifa, Israel) with low-energy multi-pinhole collimators and
19 stationary detectors [30]. Each detector contained 32 x 32 pixelated (2.46 x 2.46 mm)
CZT elements. The energy window was symmetrically centered to £ 20% of the 140 keV
Tc-99m photopeak. The images were reconstructed on the dedicated workstation (Xeleris
4.0; GE Healthcare, Haifa, Israel).

The time interval between MPI and gBPS examinations ranged from 1 to 2 days. MPI
was performed first in all patients.

2.6. MPI Acquisition and Analysis

MPI was performed according to the standard ECG-gated (16 frames/cardiac cycle)
rest protocol [30] approximately 60 min after the administration of 138-357 MBq of 99mTc-
MIBI. All patients were imaged in a supine position with arms placed over their heads
for an acquisition time of 7 min. A low-dose CT scan (120 kV, 20 mA) was performed for
the attenuation correction. All images were reconstructed using the iterative reconstruc-
tion (60 iterations; Green OSL « 0.7; Green OSL 3 0.3) and Butterworth post-processing
filter (frequency 0.37; order 7) in a 70 x 70-pixel matrix with 50 slices. MPI data were
processed using Corridor 4DM (University of Michigan, Ann Arbor, MI, USA) software.
The reconstructed MPI included the standard cardiac short and vertical and horizontal
long axes and the 17-segment bull’s eye map. Each of the 17 segments was scored based on
a semiquantitative 5-point scoring system (from 0—normal uptake to 4—no radiotracer
uptake) [31]. The summed rest score (SRS) of all segments was quantified. Scar burden was
defined as all segments with abnormal radiotracer uptake at rest.
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2.7. §BPS Acquisition and Analysis

gBPS was performed following in vivo labeling patient’s red blood cells with a
99mTc—pertechnetate dose of 555720 MBq [32]. The data were acquired with ECG gating
(16 frames/cardiac cycle). The patients were imaged in a supine position with arms placed
over their heads for an acquisition time of 10 min. No attenuation correction was used.
Images were reconstructed using iterative reconstruction (60 iterations; Green OSL « 0.7;
Green OSL $3 0.3) and a Butterworth post-processing filter (frequency 0.52; order 5) in a
70 x 70-pixel matrix with 57 slices. The image quantification and phase analysis were
obtained with the Quantitative Blood-Pool SPECT 2009.0 (Cedars-Sinai Medical Center, Los
Angeles, CA, USA) software, which allowed for an evaluation of the functional variables of
LV and RV. Ventricular contours were adjusted manually when required. The following
parameters for both ventricles were determined: the peak emptying rate (PER, expressed as
EDV/s), the peak filling rate (PFR, EDV/s), and the second peak filling rate (PFR2, EDV/s).

The severity of intra- and interventricular dyssynchrony was evaluated using the
Fourier transform method. Global MD indices were evaluated for ventricles” phase stan-
dard deviation (SD), histogram bandwidth (HBW), and phase entropy (PE). Interventricular
dyssynchrony (IVD) was calculated according to the histogram peak of LV and RV. More-
over, the following regional MD indices were assessed: SD and E. The regional analysis of
LV MD was based on the assessment of the free wall (FW), anterior wall (AW), lateral wall
(LW), inferior wall (IW), and septal wall (SW) of LV. The mean effective radiation dose for
the entire study protocol was 7.48 -1 mSv (range 5.1-10.3 mSv) per patient.

2.8. CRI-D Implantation and Programming

The active-fixation atrial (AL) and defibrillation leads (DLs), as well as the passive-
fixation LV lead, were positioned under fluoroscopic guidance using a transvenous ap-
proach. DL was implanted into the right ventricular apex or interventricular septum. Lead
positions were confirmed via fluoroscopy in the posteroanterior (PA) and left anterior
oblique (LAO) view and the intraoperative threshold testing. The capture threshold, sens-
ing amplitude, and impedance measurements of the leads were performed using the pacing
system analyzer (Medtronic, Minneapolis, MN, USA) with sterile crocodile clip cables.

The implantation of the LV pacing lead was performed by cannulating one of the
tributaries of the coronary sinus using the delivery system. The venogram was performed
in AP and LAO projections. Access to the target branch within the coronary sinus and
subsequent advancement of the LV lead was performed using an “over-the-wire” technique.
In case of troubles with the target vein branch cannulation, we used the “interventional”
technique with inner catheters (subselector). The intraoperative threshold testing was
performed for checking the optimal pacing threshold and phrenic nerve stimulation after
LV lead was positioned to the target vein.

CRT-D programming was carried out in accordance with international standards [33]. In
every CRT-D device, the monitoring zone was programmed with a heart rate of 140-170 beats
per minute (bpm) for more than 50 consecutive cycles without antitachycardia pacing (ATP) and
shock therapy. The ventricular tachycardia (VT) zone was programmed for 170-200 bpm with
30 cycles and with ATP (>1 burst pacing and >1 ramp pacing) and shock therapy (first shock
with the submaximal shock discharge). The ventricular fibrillation (VF) zone was programmed
for >201 bpm with 12 cycles and with ATP during CRT-D charging and the maximum shock
discharge. The atrioventricular (AV) delay interval was programmed 2040 ms less than the
native AV delay. Biventricular pacing was switched on in all patients, and the V-V interval
(left ventricle — right ventricle) was optimized using the surface ECG to obtain the narrowest
QRS complex.

2.9. Clinical Follow-Up, CRT-D Data Acquisition, and Analysis

The follow-up information was acquired for 56 of the 64 patients who were included
in the prospective analysis. The information about arrhythmic events was determined
from CRT-D interrogation reports. The arrhythmic events (VT, VF, atrial fibrillation, and
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the appropriate and inappropriate ICD therapy) and CRT-D lead system parameters were
evaluated at follow-up. The flowchart of the study is shown in Figure 1. The primary
endpoint was a decrease in LVESV >15% or/and an improvement in LVEF >5% [26,34].

2015-2020 years
Patients with HF and CRT-D implantation indications
n =064

MPI and gBPS
n=64

A
CRT-D implantation
n =64

In 8 patients follow-up

v

A was not available

6-month follow-up

n=>56
\ 4 \ 4
Patients with the Patients without the
response to CRT (n = 45) response to CRT (1 =11)
A N
Analyses

Figure 1. Study flowchart: HF—heart failure; MPI—myocardial perfusion imaging; gBPS—gated
blood-pool SPECT; CRT—cardiac resynchronization therapy; CRT-D—CRT devices with the defibril-
lation function.

2.10. Statistical Analysis

Statistical analysis was performed using the software package Statistica 10.0, StatSoft
(USA). The Shapiro-Wilk test was used to assess the normality of the distribution of the trait.
For variables with the normal distribution, the mean value (M) and standard deviation (SD)
were calculated, while for others, the median (Me) with an interquartile range [Q1, Q3]
were calculated. The nonparametric Mann-Whitney test for independent samples and the
Wilcoxon test for dependent samples were used. The nonparametric Spearman analysis was
used to assess the correlations between the pairs of quantitative features. Efficacy analysis
was performed using logistic regression analysis. The forward-stepwise logistic regression
analysis was used to evaluate the independent predictors of CRT response. Receiver
operating characteristic (ROC) analysis was used to determine the diagnostic efficiency
of the method using MedCalc statistical software package. We considered significant
p values <0.05.

3. Results
3.1. Patients’ Baseline Clinical and Follow-Up Characteristics

A total of 56 (100.0%) patients who underwent MPI, gBPS, CRT-D implantation, and
6-month follow-up were included in this study. The first group consisted of 45 (80.3%)
individuals with a response to CRT (RESP), and the second group comprised 11 (19.7%)
patients without response (non-RESP). The baseline demographics and clinical character-
istics of the included patients are shown in Table 1. Considering all patients, the mean
age was 57.0 & 11.5 years, and 35 (62.5%) patients were males. The baseline 6MWDT, HF
class NYHA, QRS duration, TTE parameters, arrhythmias before CRT-D implantation, LV
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lead position, HF etiology, comorbid pathologies, and medical therapy records between the
groups are also shown in Table 1. There were no significant differences between the groups

in baseline demographics and clinical characteristics.

Table 1. Baseline demographics and clinical characteristics of enrolled patients.

Demographic and Clinical

Total

RESP

Non-RESP

Characteristics (n = 56) (n =45) (n=11) P23
1 2 3
Age, year, mean £ SD 57.0£11.5 56.7 £11.8 58.4 +£10.8 0.680
Male gender, 1 (%) 35 (62.5) 28 (62.2) 7 (63.6) 0.950
Ischemic heart failure, n (%) 22 (39.3) 15 (33.4) 7 (63.6) 0.124
Nonischemic heart failure, n (%) 34 (60.7) 30 (66.6) 4(36.4) 0.124
6 min walk distance test, m, 2845 + 66.3 288.3 + 64.8 269.0 +73.1 0312
mean + SD
Heart failure:
II functional class NYHA, 1 (%) 23 (41.1) 20 (44.4) 3 (27.3) 0.386
III functional class NYHA, n (%) 33 (58.9) 25 (55.6) 8 (72.7) 0.386
QRS duration, ms, Me [Q1; Q3] 165.0 [160.0; 180.0] 165.0 [160.0; 180.0] 165.0 [155.0; 185.0] 0.657
LVEE, % [Q1; Q3] 28.0 [22.0; 31.0] 28.0 [21.0; 31.0] 28.0 [25.0; 32.0] 0.502
LVESV, ml [Q1; Q3] 171.0 [131.5; 217.5] 169.0 [133.0; 210.0] 208.0 [121.0; 232.0] 0.598
History of sustained VT, n (%) 5 (8.9) 3(6.7) 2 (18.2) 0.563
History of ventricular
fibrillation, 1 (%) 1(1.8) 1(2.2) 0 (0.0) 0.917
Comorbidities:
Hypertension, 1 (%) 22 (39.3) 15 (33.4) 7 (63.6) 0.124
ﬁf; ;’enmcular hypertrophy, 45 (80.3) 35 (77.8) 10 (90.9) 0.509
Diabetes mellitus, 1 (%) 8 (14.3) 6 (13.3) 2 (18.2) 0.812
: 2
Body mass index, kg/m?, 289 +5.0 28.7 +53 29.7 + 38 0.509
mean + SD
Dyslipidemia, n (%) 23 (41.0) 18 (40.0) 5 (45.4) 0.788
GFR, ml/min, mean + SD 722 +21.2 723 £22.7 71.8 £13.7 0.804
Therapy:
Beta-blockers, 1 (%) 53 (94.6) 43 (95.5) 10 (90.9) 0.820
Loop diuretics, 7 (%) 44 (78.6) 33 (73.3) 11 (100.0) 0.176
5‘2§f§31“m'5panng diuretics, 43 (76.8) 36 (80.0) 7 (63.6) 0.409
ACEL 71 (%) 33 (58.9) 26 (57.8) 7 (63.6) 0.772
Antiplatelet agents, 1 (%) 33 (58.9) 24 (53.3) 9 (81.8) 0.148
Statins, 1 (%) 31 (55.3) 25 (55.6) 6 (54.5) 0.967
Amiodarone, 1 (%) 20 (35.7) 16 (35.5) 4 (36.4) 0.975
fzt/gl)otensm II receptor blocker, 19 (33.9) 15 (33.4) 4(36.4) 0.914
LV lead position:
Lateral vein, n (%) 18 (32.1) 16 (35.5) 2 (18.2) 0.380
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Table 1. Cont.

Demographic and Clinical Total RESP Non-RESP P
Characteristics (n =56) (n =45) (n=11) >3
Posterolateral vein, n (%) 20 (35.7) 16 (35.5) 4 (36.4) 0.975
Anterolateral vein, 1 (%) 10 (17.8) 8 (17.7) 2 (18.2) 0.991
Posterior vein, n (%) 8(14.2) 5(11.1) 3(27.3) 0.415
Pacing QRS duration, ms, ) ) )

Me [Q1; Q3] 140.0 [130.0; 140.0] 140.0 [130.0; 140.0] 140.0 [130.0; 140.0] 0.243
Quadripolar LV lead, n (%) 28 (50.0) 24 (53.3) 4 (36.3) 0.392
Bipolar LV lead, 1 (%) 28 (50.0) 21 (46.7) 7 (63.7) 0.392
Paced AV delay, ms, Me [Q1; Q3] 150.0 [140.0; 150.0] 150.0 [140.0; 150.0] 150.0 [150.0; 150.0] 0.464
Sensed AV delay, ms, ) ) )

Me [O1: O3] 120.0 [100.0; 120.0] 120.0 [100.0; 120.0] 120.0 [100.0; 125.0] 0.215
Interventricular delay, ms, Me 22.5[12.5; 40.0] 25.0 [15.0; 40.0] 20.0 [10.0; 40.0] 0.885

[Q1; Q3]

Values are mean + SD and Me [Q1; Q3] for continuous variables and n (%) for categorical variables.
ACEl—angiotensin-converting enzyme inhibitors, GFR—glomerular filtration rate, non-RESP—patients without
response to cardiac resynchronization therapy, RESP—patients with response to cardiac resynchronization therapy,
VT—ventricular tachycardia, NYHA—New York Heart Association, LV—left ventricular, LVEF—Ileft ventricular
ejection fraction, LVESV—Ieft ventricular end-systolic volume, AV—atrioventricular.

Both groups were comparable in terms of pre-CRT-D implantation scintigraphic pa-
rameters, except SRS, RV PFR, and MD indicators, assessed via MPI and gBPS. In RESP
patients, the right ventricular peak filling rate (RV PFR) (p = 0.005), the left ventricular
anterior-wall entropy (LV AW_E) (p = 0.001), the left ventricular anterior-wall standard
deviation (LV AW_SD) (p = 0.0001), the right ventricular free-wall standard deviation (RV
FW_SD) (p = 0.011), the left ventricular entropy (LV_E) (p = 0.033), and IVD (p = 0.022) were
significantly higher, and SRS (p = 0.018) and RV PFR2 (p = 0.028) were significantly lower
than in non-RESP subjects. A detailed comparison of pre-CRT-D implantation scintigraphic
parameters is presented in Table 2.

Both groups were comparable in terms of TTE parameters before CRT-D implantation.
In RESP patients 6 months after CRT-D implantation, LVESD (p = 0.015), LVEDD (p = 0.04),
LVESV (p = 0.005), LVESI (p = 0.019), and LVSI (p = 0.02) were significantly lower, and LVEF
(p < 0.001) was significantly higher than in non-RESP patients. The QRS duration 6 months
after CRT-D implantation did not differ significantly between the groups. In RESP patients,
QRS duration was 140.0 ms [130.0; 140.0], and non-RESP was 140.0 ms [130.0; 140.0]
(p =0.243).

Both groups were comparable in terms of the number of I (p = 0.215) and II (p = 0.332)
HF class NYHA patients after 6 months of CRT-D implantation. The quantity of IIl HF class
NYHA patients in the non-RESP (1 = 7 (63.6%)) group was significantly higher than in the RESP
(n =9 (20.0%)) group (p = 0.026). Additionally, tMWDT in the RESP (382.4 + 88.1 m) group was
significantly higher than in the non-RESP (288.1 £ 73.1 m) group (p = 0.003) after 6 months of
CRT-D implantation.
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Table 2. Scintigraphic characteristics before CRT-D implantation.

Scintigraphic Total RESP Non-RESP Prs
Parameters (n = 56) (n =45) (n=11)
1 2 3
Gated Blood-Pool SPECT:

IVD, ms 67.1[38.1; 102.4] 71.8 [42.0; 112.7] 39.2[9.0; 76.7] 0.022
LV HBW, ° 203.0 [192.0; 222.0] 203.0 [186.0; 222.0] 216.0 [192.0; 234.0] 0.190
LV PE, % 72.0[62.0; 73.0] 72.0[62.0;73.0] 64.0 [59.0; 66.0] 0.033
RV HBW, °© 120.0 [99.0; 198.0] 120.0 [96.0; 186.0] 198.0 [198.0; 204.0] 0.053
RV PE, % 62.0 [59.5; 67.0] 62.0 [60.0; 67.0] 63.0 [59.0; 67.0] 0.375
RVFW_SD, ° 28.0 [16.0; 36.5] 28.0 [20.0; 44.0] 16.0 [13.0; 26.0] 0.011
LVS_SD,° 35.0 [23.0; 40.5] 35.0 [25.0; 42.0] 23.0[19.0; 32.0] 0.105
LV S_E, % 65.0 [56.0; 72.5] 65.0 [59.0; 73.0] 56.0 [50.0; 58.0] 0.061
LV AW_SD, ° 25.0 [11.5; 28.0] 25.0[17.0; 29.0] 10.0 [10.0; 12.0] <0.001
LV AW_E, % 50.0 [36.0; 57.5] 50.0 [45.0; 61.0] 36.0 [33.0; 37.0] 0.001
LVIW_SD,° 12.0 [9.0; 16.0] 12.0 [9.0; 15.0] 16.0 [9.0; 20.0] 0.109
LVLW_E, % 36.0 [32.0; 47.0] 36.0 [31.0; 47.0] 37.0[33.0; 52.0] 0.327
LVIW_SD,° 28.0 [26.0; 37.0] 28.0 [26.0; 37.0] 27.0 [25.0; 37.0] 0.312
LVIW_E, % 59.0 [55.5; 61.50] 59.0 [56.0; 61.0] 60.0 [54.0; 62.0] 0.470
LV PER —0.81[-1.18; —0.53] —0.78 [-1.13; —0.44] —1.01 [-1.38; —0.57] 0.364
LV PFR 0.745 [0.53; 1.045] 0.7 [0.53; 1.00] 0.94[0.6; 1.27] 0.154
LV PFR2 0.63 [0.535; 0.64] 0.63 [0.48; 0.63] 0.64 [0.58; 0.66] 0.092
RV PER —1.66 [—2.39; —0.81] —1.55[-2.41; —0.6] —-1.72[-2.17; —1.22] 0.672
RV PFR 1.38 [1.01; 1.71] 1.51 [1.08; 1.77] 1.01 [0.92; 1.08] 0.005
RV PFR2 1.31[1.23; 1.63] 1.31[1.22;1.57] 1.63 [1.39; 1.63] 0.028

Myocardial perfusion imaging:
SRS, % 7.5[4.0; 14.0] 6.0 [3.0; 12.0] 13.0 [9.0; 16.0] 0.018

Values are expressed as Me [Q1; Q3]. IVD—interventricular dyssynchrony, LV HBW—left ventricular his-
togram bandwidth, LV PE—left ventricular phase entropy, RV HBW—right ventricular histogram bandwidth,
RV PE—right ventricular phase entropy, RV FW_SD—right ventricular free-wall standard deviation,
LV S_SD—left ventricular septal-wall standard deviation, LV S_E—left ventricular septal-wall entropy, LV
AW_SD—Ileft ventricular anterior-wall standard deviation, LV AW_E—Ileft ventricular anterior-wall entropy,
LV LW_SD—left ventricular lateral-wall standard deviation, LV LW_E—left ventricular lateral-wall entropy, LV
IW_SD—Ileft ventricular inferior-wall standard deviation, LV IW_E—left ventricular inferior-wall entropy, LV
PER—Ileft ventricular peak emptying rate, LV PFR—left ventricular peak filling rate, LV PFR2—left ventricular
peak filling rate on the second peak, RV PER—right ventricular peak emptying rate, RV PFR—right ventricular
peak filling rate.

3.2. Events According to the CRT-D Interrogation Data

During 6 months of follow-up, VT events were registered in seven (12.5%) patients
from both groups. In the first group (RESP patients), VT was registered in four (7.1%)
patients: three unsustained VT with spontaneous termination and one sustained VT, ter-
minated using ATP therapy. In the second group (non-RESP patients), VT was registered
in three (5.4%) cases (p = 0.353). There were only three unsustained VT with spontaneous
termination (p = 0.297). There were no lead dysfunction, dislocation, and inappropriate ICD
therapy in either group. In RESP patients 6 months after device implantation, according
to the CRT-D interrogation data, the paced atrioventricular delay was 148.7 &+ 14.5 ms,
the sensed atrioventricular delay was 110.0 &= 16.1 ms, the interventricular delay (first LV)
was 25.0 ms [15.0; 40.0], and the time of biventricular pacing was 98.1 £ 1.9%. In non-
RESP individuals 6 months after CRT-D implantation, the paced atrioventricular delay was



J. Clin. Med. 2023, 12, 2120

9of 15

153.6 £ 18.0 ms (p = 0.464), the sensed atrioventricular delay was 116.8 & 18.2 ms
(p = 0.215), the interventricular delay (first LV) was 20.0 ms [10.0; 40.0] (p = 0.885), and the
time of biventricular pacing was 98.7 = 0.4% (p = 0.433).

3.3. CRT Response Predictors

According to the ROC analysis, the SRS and MD indicators (RV PFR, LV AW_E, LV
AW_SD, RV FW_SD, LV_E, IVD, and RV PER 2) were statistically significant predictors of
CRT response (Table 3).

Table 3. The ROC analysis results.

Parameters 95% CI Cut-off AUC Sensitivity ~ Specificity p
SRS 0.596-0.841 <7.0% 0.731 60.00 90.91 0.001
RV PFR 0.639-0.872 >1.15 0.771 66.67 90.91 <0.001
LV AW_E 0.689-0.906 >39.0%  0.815 80.00 9091 <0.001
LV AW_SD 0.757-0.947 >13.0° 0.873 84.44 90.91 <0.001
RV FW_SD 0.616-0.856 >27.0° 0.749 64.44 90.91 0.004
LV_E 0.572-0.823 >68.0%  0.709 68.89 9091 0.006
IVD 0.590-0.836 >91.8 0.725 40.00 100.00 0.005
RV PFR 2 0.580-0.829 <1.38 0.716 73.33 81.82 0.013

Notes: 95% CI—95% confidence interval, AUC—area under the curve, IVD—interventricular dyssynchrony,
LV AW_E—left ventricular anterior-wall entropy, LV AW_SD—Ileft ventricular anterior-wall standard deviation,
LV_E—left ventricular entropy, RV FW_SD—right ventricular free-wall standard deviation, RV PFR—right
ventricular peak filling rate, RV PFR 2—right ventricular peak filling rate on the second peak, SRS—summed
rest score.

The multivariate logistic regression analysis included the following indicators: QRS
duration, gender, HF etiology, LV lead position, 6 min walk distance test, LVESV, LVEF, SRS,
and MD. This analysis showed that only myocardial perfusion defects and MD indicators
assessed via MPI and gBPS such as LV AW_SD (OR 1.5275; 95% CI 1.1472-2.0340; p = 0.0037)
and SRS (OR 0.7299; 95% CI 0.5627-0.9469; p = 0.0178) and also HF with a nonischemic
etiology (OR 20.1425; 95% CI 1.2719-318.9961; p = 0.0331) were the independent predictors
of CRT response.

The CRT response prediction model was performed considering the combination of
LV AW_SD, SRS, and the presence of nonischemic HF etiology. When ROC analysis was
performed with the prediction model, the AUC was 0.949, Sen = 95.56, Spe = 81.82, and
p < 0.001 (Figure 2).

The pairwise comparison of CRT response probability indicators revealed that the
ROC curve with SRS (p = 0.001), HF nonischemic etiology (p < 0.001), the mechanical
dyssynchrony indicators assessed via MPS and gBPS (IVD (p = 0.01), LVE (p < 0.001), RV
PFR 2 (p = 0.003), RV PER (p = 0.005), LV AW_E (p = 0.037), and RV FW_SD (p = 0.014))
ROC curves showed significant differences, with the exception of LV AW_SD (p = 0.089)
(Table 4).

Table 4. The ROC curves’ pairwise comparison.

AD MSE 95% CI p
CRT RPI~NIHF 0.298 0.0811 0.139-0.457 <0.001
CRT RPI~SRS 0.218 0.0670 0.0869-0.349 0.001

CRT RPI~LV AW_SD 0.0768 0.0453 —0.0119-0.165 0.089
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Table 4. Cont.
AD MSE 95% CI p
CRT RPI~IVD 0.224 0.0881 0.0516-0.397 0.010
CRT RPI~LVE 0.240 0.0623 0.118-0.362 <0.001
CRT RPI~RV PFR 2 0.233 0.0804 0.0757-0.391 0.003
CRT RPI~RV PFR 0.179 0.0638 0.0538-0.304 0.005
CRT RPI~LV AW_E 0.134 0.0646 0.00765-0.261 0.037
CRT RPI~RV FW_SD 0.200 0.0817 0.0398-0.360 0.014

Notes: 95% CI—95% confidence interval, AD—area difference, CRT RPI—cardiac resynchronization therapy
response probability indicator, [VD—interventricular dyssynchrony, LV AW_E—left ventricular anterior-wall
entropy, LV AW_SD—left ventricular anterior-wall standard deviation, LV_E—left ventricular entropy, RV
FW_SD—right ventricular free-wall standard deviation, RV PFR—right ventricular peak filling rate, RV PFR
2—right ventricular peak filling rate on the second peak, NIHF—nonischemic heart failure, SRS—summed rest
score, MSE—mean squared error.

CRT response probability indicator

100

80

60
£
>
b
2 ,
[}
2 40 AUC = 0.949
p<0.001
Sen=95.56
Spe = 81.82
20 t>0.559
0 Il Il Il l Il Il Il l Il Il Il l Il Il Il l Il Il Il l
0 20 40 60 80 100

100-s pecificity

Figure 2. CRT response probability indicator, calculated according to the predictive model.
AUC—area under the curve, Sen—sensitivity, Spe—specificity, t—threshold value.

4. Discussion

In the present study, it was shown that mechanical dyssynchrony (left ventricular
anterior-wall standard deviation) and the scar burden assessed via cardiac scintigraphy
in patients with HF of different etiologies may have prognostic value. Thus, HF with a
nonischemic etiology, a low value of SRS, and a high value of LV AW_SD are favorable
predictive indicators of CRT response. This may be due to the smaller size of the scar and
the involvement of the anterior LV wall in mechanical dyssynchrony.

The nonischemic origin of HF was previously reported to predict reverse remodeling in
patients with more advanced HF symptoms. According to Ypenburg et al., CRT responders
and patients with super responses more frequently had a nonischemic etiology of HF [35].
In a study by Verhaert et al., it was shown that the female gender and the nonischemic etiol-
ogy of HF were associated with a much greater initial response to CRT [36]. Another study
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by Said et al. found that women showed a greater echocardiographic response to CRT at
6 months of follow-up [37]. However, after the adjustment for body surface area and
ischemic etiology, no differences were found in LV function measures or survival, sug-
gesting that having a nonischemic etiology is responsible for greater response rates in
women treated with CRT [37]. In our study, the number of patients with ischemic HF and
nonischemic HF did not significantly differ in the groups of responders and nonrespon-
ders (p = 0.124). However, multivariate logistic regression showed that the nonischemic
etiology of HF is an independent predictor of CRT response (95% CI 1.2719-318.9961;
p = 0.0331). Furthermore, the subanalyses of multiple prospective randomized studies,
including the Multicenter InSync Randomized Clinical Evaluation (MIRACLE), Cardiac
Resynchronization—Heart Failure (CARE-HF), and Multicenter Automatic Defibrillator
Implantation with Cardiac Resynchronization Therapy (MADIT-CRT), have confirmed the
finding of greater reverse remodeling in HF with a nonischemic etiology [28,38].

The clinical significance of the scar burden assessed with MPI was demonstrated in
several studies. Thus, in a study by Adelstein E. et al., it was found that among ischemic car-
diomyopathy patients, lesser scar burden evaluated via SPECT MPI (SRS < 27) was associated
with more favorable survival and reverse remodeling following CRT, with outcomes similar
to nonischemic cardiomyopathy patients [27]. High scar burden (SRS > 27) was associated
with the lack of LV functional improvement, the absence of reverse remodeling, and worse
survival [27]. In our study, patients with HF of different etiologies were included, and a
comparison of the groups with ischemic and nonischemic etiologies was not performed. In
patients with HF, myocardial perfusion impairment can vary widely and may be associated
with the presence of myocardial fibrosis due to myocardial infarction in ischemic HF patients,
or the presence of interstitial fibrosis, which may play a crucial role in the process of my-
ocardial remodeling [39]. Recent studies revealed that myocardial fibrosis is an independent
predictor of mortality and morbidity in patients with dilated cardiomyopathy undergoing
CRT [40]. Additionally, in our study, which included mixed samples of patients with ischemic
and nonischemic etiologies, the SRS assessed using MPI < 7.0 was an independent significant
predictor for CRT patient selection (95% CI 0.5627-0.9469; p = 0.0178).

The predictive value of LV mechanical dyssynchrony for CRT patient selection measured
via MPI and gBPS was widely studied. In a study with 142 CRT patients, LV mechani-
cal dyssynchrony parameters such as the systolic histogram bandwidth (95% CI 0.98-1.00,
p = 0.041), the diastolic-phase standard deviation (95% CI 0.94-1.00, p = 0.041), and the diastolic
histogram bandwidth (95% CI 0.98-1.00, p = 0.028) were significant independent predictors
of CRT response only for nonischemic HF patients [25]. For ischemic HF individuals, none
of the LV mechanical dyssynchrony parameters were statistically significant [25]. In a study
by Henneman M. et al. with 42 CRT patients, the ROC analysis showed that the optimal
cut-off values for the phase standard deviation and histogram bandwidth were 43° (sensitivity
and specificity of 74%) and 135° (sensitivity and specificity of 70%), respectively [41]. In a
study with 324 consecutive individuals with nonischemic HF CRT patients, it was shown that
the systolic-phase standard deviation, adjusted to age, hypertension, diabetes, aspirin, beta-
blockers, diuretics, QRS, and LVEF, was an independent predictor of all-cause mortality (HR
1.97, 95% CI 1.06-3.66, p = 0.033) [42]. In our study, the responders and nonresponders did not
differ in terms of such indicators of global LV mechanical dyssynchrony as the phase standard
deviation and histogram bandwidth, and these indicators had no prognostic value, but the
LV phase entropy was higher in the responders’ sample. However, the novelty of our study
was the use of gBPS for assessing the regional mechanical dyssynchrony indicators separately
for the septum, anterior, posterior, and lateral walls of LV. These indicators (LV AW_E, LV
AW_SD, and RV FW_SD) with IVD and contractile function indicators (RV PFR and RV PFR 2)
were statistically significant predictors of CRT response. The multivariate logistic regression
showed that LV AW_SD (OR 1.5275; 95% CI 1.1472-2.0340; p = 0.0037) was the independent
predictor of CRT response. This may indicate that the assessment of regional myocardial
dyssynchrony may provide additional information for successful resynchronization therapy.
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However, disagreements with previous studies underline the importance of these findings
and the need for future large-scale studies.

There are few publications about the combined assessment of the factors associated
with reverse remodeling, which can be used for the improved selection of patients for
CRT. The significance of the CRT response score was shown in a major randomized trial
MADIT-CRT (n = 1761) [28]. This score included seven factors associated with the echocar-
diographic response to CRT-D and made up the response score (female sex, nonischemic
HF, LBBB, QRS duration >150 ms, prior hospitalization for HF, left ventricular end-diastolic
volume >125 mL/m? and left atrial volume <40 mL/m?). The multivariate analysis showed
a 13% (p < 0.001) increase in the clinical benefit of CRT-D per one-point increment in the
response score (range, 0-14) and a significant direct correlation between the risk reduction
associated with CRT-D and the response score quartiles: Patients in the first quartile did
not reveal a significant reduction in the risk of HF or death with CRT-D (hazard ratio = 0.87;
p = 0.52); patients in the second and third quartiles had 33% (p = 0.04) and 36% (p = 0.03) risk
reductions, respectively; and patients in the upper quartile experienced a 69% (p < 0.001)
risk reduction (p = 0.005). In our study, the multivariate logistic regression with inclusion
factors such as QRS duration, gender, HF etiology, LV lead position, 6 min walk distance
test, LVESV, LVEF, SRS, and mechanical dyssynchrony indicators assessed via gBPS showed
that LV AW_SD, SRS, and HF with a nonischemic etiology were the independent predictors
of CRT response (95% CI 0.856-0.990; AUC = 0.949; Sen = 95.56; Spe = 81.82; p < 0.001).

According to a study by Forleo et al., quadripolar leads allowed for nonapical pacing
with acceptable electrical parameters in the majority of CRT recipients, although differences
were found among the currently available devices [43]. In our study, quadripolar and
bipolar LV leads from various manufacturers were implanted. A detailed analysis of lead
characteristics between different companies was not performed. However, a comparison
between the groups of responders and nonresponders to CRT in terms of the number of
implanted quadripolar and bipolar LV leads was made. The comparative analysis between
the groups did not reveal significant differences (p = 0.392).

Thus, the predictive model with the combination of LV AW_SD, SRS, and the presence
of nonischemic HF etiology has a high prognostic value and can be used as an additional
CRT response predictor in patients with HF of different etiologies.

Study Limitations

The limitations of this study included its relatively small sample size and short follow-
up period; the left ventricular mechanical dyssynchrony indicators were not determined in
terms of their dynamics, and this was a nonrandomized, single-center study.

5. Conclusions

In patients with HF of ischemic and nonischemic etiologies, the left ventricular me-
chanical dyssynchrony assessed via gBPS may be useful in identifying responders to CRT.
In these patients, a combined assessment of the factors associated with reverse remodeling
(HF with a nonischemic etiology, LV AW_SD, and SRS) can be used for the improved
selection of patients for CRT.

Author Contributions: Conceptualization, T.A.A. and R.E.B.; Validation, M.S.K.; Formal analysis,
M.S.K,; Investigation, T.A.A. and S.N.K,; Resources, T.A.A_; Data curation, T.A.A.; Writing — original
draft, T.A.A. and M.S.K,; Writing — review & editing, M.SK., AIM., REB, SIS, SNK.,, V.VS,
Y.V.V, K.V.Z. and S.V.P; Visualization, S.I1.S. and Y.V.V.; Supervision, R.E.B., S.N.K. and S.V.P; Project
administration, R.E.B., K.V.Z. and S.V.P. All authors were responsible for the inclusion of patients and
were involved in the critical manuscript revision for important intellectual content. All authors have
read and agreed to the published version of the manuscript.

Funding: This study did not receive any specific grant from funding agencies in the public, commer-
cial, or not-for-profit sectors.



J. Clin. Med. 2023, 12, 2120 13 of 15

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Ethics Committee of Cardiology Research Institute,
Tomsk National Research Medical Center, Russian Academy of Science (protocol code 163 and
8 November 2017).

Informed Consent Statement: Informed consent was obtained from all the subjects involved in this
study. Written informed consent has been obtained from the patients to publish the paper in an
anonymous form.

Data Availability Statement: According to the internal regulations of the Institute, all data are the
property of the Institute and can only be provided anonymously after an official request.

Conflicts of Interest: No financial or other relations that could lead to a conflict of interest are
associated with this study.

References

10.

11.

12.

13.

14.

15.

16.

17.

Ziaeian, B.; Fonarow, G.C. Epidemiology and aetiology of heart failure. Nat. Rev. Cardiol. 2016, 13, 368-378. [CrossRef]
Sayago-Silva, I.; Lopez, E].G.; Segovia-Cubero, ]. Epidemiology of Heart Failure in Spain Over the Last 20 Years. Rev. Esp. Cardiol.
2013, 66, 649-656. [CrossRef] [PubMed]

Virani, S.S.; Alonso, A.; Aparicio, H.J.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Cheng,
S.; Delling, EN.; et al. Heart Disease and Stroke Statistics—2021 Update: A Report From the American Heart Association.
Circulation 2021, 143, e254—e743. [CrossRef] [PubMed]

Heidenreich, P.A.; Albert, N.M.; Allen, L.A.; Bluemke, D.A.; Butler, ].; Fonarow, G.C.; Ikonomidis, ].S.; Khavjou, O.; Konstam,
M.A.; Maddox, T.M.; et al. Forecasting the Impact of Heart Failure in the United States: A policy statement from the American
Heart Association. Circ. Heart Fail. 2013, 6, 606—-619. [CrossRef] [PubMed]

Fomin, I.V. Chronic heart failure in Russian Federation: What do we know and what to do. Russ. ]. Cardiol. 2016, 8,
7-13. [CrossRef]

Kashani, A.; Barold, S.S. Significance of QRS complex duration in patients with heart failure. J. Am. Coll. Cardiol. 2005, 46,
2183-2192. [CrossRef]

Prinzen, EW.; Vernooy, K.; Auricchio, A. Cardiac resynchronization therapy: State-of-the-art of current applications, guidelines,
ongoing trials, and areas of controversy. Circulation 2013, 128, 2407-2418. [CrossRef] [PubMed]

Herweg, B.; Welter-Frost, A.; Vijayaraman, P. The evolution of cardiac resynchronization therapy and an introduction to
conduction system pacing: A conceptual review. EP Eur. 2020, 23, 496-510. [CrossRef]

Poole, ].E.; Singh, ].P; Birgersdotter-Green, U. QRS Duration or QRS Morphology: What really matters in cardiac resynchronization
therapy? J. Am. Coll. Cardiol. 2016, 67, 1104-1117. [CrossRef]

Linde, C.; Gold, M.R.; Abraham, W.T.; Sutton, M.S.].; Ghio, S.; Cerkvenik, J.; Daubert, C. Long-term impact of cardiac resynchro-
nization therapy in mild heart failure: 5-year results from the REsynchronization reVErses Remodeling in Systolic left vEntricular
dysfunction (REVERSE) study. Eur. Heart . 2013, 34, 2592-2599. [CrossRef]

Tang, A.S.; Wells, G.A.; Talajic, M.; Arnold, M.O.; Sheldon, R.; Connolly, S.; Hohnloser, S.H.; Nichol, G.; Birnie, D.H;
Sapp, J.L.; et al. Cardiac-resynchronization therapy for mild-to-moderate heart failure. N. Engl. ]. Med. 2010, 363,
2385-2395. [CrossRef] [PubMed]

Brignole, M.; Auricchio, A.; Baron-Esquivias, G.; Bordachar, P.; Boriani, G.; Breithardt, O.-A.; Cleland, J.G.F,; Deharo, J.-C.;
Delgado, V.; Elliott, PM.; et al. 2013 ESC Guidelines on cardiac pacing and cardiac resynchronization therapy: The Task Force on
cardiac pacing and resynchronization therapy of the European Society of Cardiology (ESC). Developed in collaboration with the
European Heart Rhythm Association (EHRA). Eur. Heart ]. 2013, 34, 2281-2329. [CrossRef] [PubMed]

Eldadah, Z.A.; Rosen, B.; Hay, I.; Edvardsen, T.; Jayam, V.; Dickfeld, T.; Meininger, G.R.; Judge, D.; Hare, ].; Lima, ].B.; et al. The
benefit of upgrading chronically right ventricle-paced heart failure patients to resynchronization therapy demonstrated by strain
rate imaging. Heart Rhythm 2006, 3, 435-442. [CrossRef] [PubMed]

Zhu, H.; Zou, T.; Zhong, Y,; Yang, C.; Ren, Y.; Wang, F. Prevention of non-response to cardiac resynchronization therapy: Points to
remember. Heart Fail. Rev. 2020, 25, 269-275. [CrossRef] [PubMed]

Orszulak, M.; Filipecki, A.; Wrébel, W.; Berger-Kucza, A.; Orszulak, W.; Urbaniczyk-Swi¢, D.; Kwasniewski, W.; Ploriska-Gosciniak,
E.; Mizia-Stec, K. Regional Strain Pattern Index—A Novel Technique to Predict CRT Response. Int. . Environ. Res. Public Health
2021, 18, 926. [CrossRef]

Fulati, Z.; Liu, Y.; Sun, N.; Kang, Y.; Su, Y.; Chen, H.; Shu, X. Speckle tracking echocardiography analyses of myocardial contraction
efficiency predict response for cardiac resynchronization therapy. Cardiovasc. Ultrasound 2018, 16, 30. [CrossRef]

Van Everdingen, W.M.; Zweerink, A.; Nijveldt, R.; Salden, O.A.E.; Meine, M.; Maass, A.H.; Vernooy, K.; De Lange, FJ.; Van
Rossum, A.C.; Croisille, P,; et al. Comparison of strain imaging techniques in CRT candidates: CMR tagging, CMR feature
tracking and speckle tracking echocardiography. Int. ]. Cardiovasc. Imaging 2017, 34, 443-456. [CrossRef]


http://doi.org/10.1038/nrcardio.2016.25
http://doi.org/10.1016/j.recesp.2013.03.014
http://www.ncbi.nlm.nih.gov/pubmed/24776334
http://doi.org/10.1161/cir.0000000000000950
http://www.ncbi.nlm.nih.gov/pubmed/33501848
http://doi.org/10.1161/HHF.0b013e318291329a
http://www.ncbi.nlm.nih.gov/pubmed/23616602
http://doi.org/10.15829/1560-4071-2016-8-7-13
http://doi.org/10.1016/j.jacc.2005.01.071
http://doi.org/10.1161/CIRCULATIONAHA.112.000112
http://www.ncbi.nlm.nih.gov/pubmed/24276876
http://doi.org/10.1093/europace/euaa264
http://doi.org/10.1016/j.jacc.2015.12.039
http://doi.org/10.1093/eurheartj/eht160
http://doi.org/10.1056/NEJMoa1009540
http://www.ncbi.nlm.nih.gov/pubmed/21073365
http://doi.org/10.1093/eurheartj/eht150
http://www.ncbi.nlm.nih.gov/pubmed/23801822
http://doi.org/10.1016/j.hrthm.2005.12.003
http://www.ncbi.nlm.nih.gov/pubmed/16567291
http://doi.org/10.1007/s10741-019-09834-w
http://www.ncbi.nlm.nih.gov/pubmed/31352624
http://doi.org/10.3390/ijerph18030926
http://doi.org/10.1186/s12947-018-0148-5
http://doi.org/10.1007/s10554-017-1253-5

J. Clin. Med. 2023, 12, 2120 14 0of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Zweerink, A.; van Everdingen, W.; Nijveldt, R.; Salden, O.A.; Meine, M.; Maass, A.H.; Vernooy, K.; De Lange, FJ.; Vos, M.A;
Croisille, P; et al. Strain imaging to predict response to cardiac resynchronization therapy: A systematic comparison of strain
parameters using multiple imaging techniques. ESC Heart Fail. 2018, 5, 1130-1140. [CrossRef]

Tada, T.; Osuda, K.; Nakata, T.; Muranaka, I.; Himeno, M.; Muratsubaki, S.; Murase, H.; Sato, K.; Hirose, M.; Fukuma, T. A novel
approach to the selection of an appropriate pacing position for optimal cardiac resynchronization therapy using CT coronary
venography and myocardial perfusion imaging: FIVE STaR method (fusion image using CT coronary venography and perfusion
SPECT applied for cardiac resynchronization therapy). J. Nucl. Cardiol. 2019, 28, 1438-1445. [CrossRef]

Chung, E.S.; Leon, A.R; Tavazzi, L.; Sun, J.-P.; Nihoyannopoulos, P.; Merlino, J.; Abraham, W.T.; Ghio, S.; Leclercq, C.; Bax, ].].;
et al. Results of the Predictors of Response to CRT (PROSPECT) Trial. Circulation 2008, 117, 2608-2616. [CrossRef]

Pang, B.J.; Joshi, S.B.; Lui, E.-H.; Tacey, M.; Ling, L.-H.; Alison, ].; Seneviratne, S.K.; Cameron, J.; Mond, H.G. Validation of
conventional fluoroscopic and ECG criteria for right ventricular pacemaker lead position using cardiac computed tomography.
Pacing Clin. Electrophysiol. 2013, 37, 495-504. [CrossRef]

Verberne, H.]J.; Acampa, W.; Anagnostopoulos, C.; Ballinger, J.; Bengel, F.; De Bondt, P; Buechel, R.R.; Cuocolo, A.; van Eck-Smit,
B.L.F; Flotats, A.; et al. EANM procedural guidelines for radionuclide myocardial perfusion imaging with SPECT and SPECT /CT:
2015 revision. Eur. J. Nucl. Med. 2015, 42, 1929-1940. [CrossRef] [PubMed]

Boogers, M.M.; Van Kriekinge, S.D.; Henneman, M.M.; Ypenburg, C.; Van Bommel, R.J.; Boersma, E.; Dibbets-Schneider, P.;
Stokkel, M.P; Schalij, M.].; Berman, D.S.; et al. Quantitative gated SPECT-derived phase analysis on gated myocardial perfusion
SPECT detects left ventricular dyssynchrony and predicts response to cardiac resynchronization therapy. J. Nucl. Med. 2009, 50,
718-725. [CrossRef] [PubMed]

Wang, C.; Shi, J.; Ge, J.; Tang, H.; He, Z.; Liu, Y.; Zhao, Z.; Li, C.; Gu, K.; Hou, X,; et al. Left ventricular systolic and diastolic
dyssynchrony to improve cardiac resynchronization therapy response in heart failure patients with dilated cardiomyopathy. J.
Nucl. Cardiol. 2020, 28, 1023-1036. [CrossRef] [PubMed]

He, Z.; Li, D.; Cui, C; Qin, H.-Y.; Zhao, Z.; Hou, X.; Zou, J.; Chen, M.-L.; Wang, C.; Zhou, W. Predictive values of left ventricular
mechanical dyssynchrony for CRT response in heart failure patients with different pathophysiology. J. Nucl. Cardiol. 2021, 29,
2637-2648. [CrossRef] [PubMed]

Peix, A.; Karthikeyan, G.; Massardo, T.; Kalaivani, M.; Patel, C.; Pabon, L.M.; Jiménez-Heffernan, A.; Alexanderson, E.; Butt,
S.; Kumar, A ; et al. Value of intraventricular dyssynchrony assessment by gated-SPECT myocardial perfusion imaging in the
management of heart failure patients undergoing cardiac resynchronization therapy (VISION-CRT). J. Nucl. Cardiol. 2019, 28,
55-64. [CrossRef] [PubMed]

Adelstein, E.C.; Tanaka, H.; Soman, P.; Miske, G.; Haberman, S.C.; Saba, S.F.; Gorcsan, J. 3rd. Impact of scar burden by single-
photon emission computed tomography myocardial perfusion imaging on patient outcomes following cardiac resynchronization
therapy. Eur. Heart ]. 2010, 32, 93-103. [CrossRef]

Goldenberg, I.; Moss, A.J.; Hall, W.J.; Foster, E.; Goldberger, ].].; Santucci, P.; Shinn, T.; Solomon, S.; Steinberg, J.S.; Wilber, D.; et al.
Predictors of Response to Cardiac Resynchronization Therapy in the Multicenter Automatic Defibrillator Implantation Trial with
Cardiac Resynchronization Therapy (MADIT-CRT). Circulation 2011, 124, 1527-1536. [CrossRef]

Glikson, M.; Nielsen, J.C.; Kronborg, M.B.; Michowitz, Y.; Auricchio, A.; Barbash, LM.; Barrabés, J.A.; Boriani, G.; Braunschweig,
F.; Brignole, M.; et al. 2021 ESC Guidelines on cardiac pacing and cardiac resynchronization therapy. Eur. Heart . 2021, 42,
3427-3520. [CrossRef]

Henzlova, M.J.; Duvall, W.L.; Einstein, A J.; Travin, M.L; Verberne, H.]. ASNC imaging guidelines for SPECT nuclear cardiology
procedures: Stress, protocols, and tracers. J. Nucl. Cardiol. 2016, 23, 606-639. [CrossRef]

Cerqueira, M.D.; Weissman, N.J.; Dilsizian, V.; Jacobs, A.K.; Kaul, S.; Laskey, WK.; Pennell, D.J.; Rumberger, ].A.; Ryan, T.; Verani,
M.S. Standardized myocardial segmentation and nomenclature for tomographic imaging of the heart: A statement for healthcare
professionals from the Cardiac Imaging Committee of the Council on Clinical Cardiology of the American Heart Association.
Circulation 2002, 105, 539-542. [CrossRef] [PubMed]

Corbett, ].R.; Akinboboye, O.O.; Bacharach, S.L.; Borer, ].S.; Botvinick, E.H.; DePuey, E.G.; Ficaro, E.P.; Hansen, C.L.; Henzlova,
M.].; Van Kriekinge, S. Equilibrium radionuclide angiocardiography. J. Nucl. Cardiol. 2006, 13, e56—€79. [CrossRef] [PubMed]
Stiles, M.K.; Fauchier, L.; Morillo, C.A.; Wilkoff, B.L. 2019 HRS/EHRA /APHRS/LAHRS focused update to 2015 expert
consensus statement on optimal implantable cardioverter-defibrillator programming and testing. Heart Rhythm 2019, 17,
€220-e228. [CrossRef] [PubMed]

Ellenbogen, K.A.; Gold, M.R.; Meyer, T.E.; Lozano, LE,; Mittal, S.; Waggoner, A.D.; Lemke, B.; Singh, ].P,; Spinale, F.G.; Van
Eyk, J.E; et al. Primary results from the SmartDelay determined AV optimization: A comparison to other AV delay methods
used in cardiac resynchronization therapy (SMART-AV) trial: A randomized trial comparing empirical, echocardiography-
guided, and algorithmic atrioventricular delay programming in cardiac resynchronization therapy. Circulation 2010, 122,
2660-2668. [CrossRef]

Ypenburg, C.; van Bommel, R.J.; Borleffs, C.J.W.; Bleeker, G.B.; Boersma, E.; Schalij, M.].; Bax, ]J.J. Long-term prognosis after
cardiac resynchronization therapy is related to the extent of left ventricular reverse remodeling at midterm follow-up. J. Am. Coll.
Cardiol. 2009, 53, 483-490. [CrossRef]


http://doi.org/10.1002/ehf2.12335
http://doi.org/10.1007/s12350-019-01856-z
http://doi.org/10.1161/CIRCULATIONAHA.107.743120
http://doi.org/10.1111/pace.12301
http://doi.org/10.1007/s00259-015-3139-x
http://www.ncbi.nlm.nih.gov/pubmed/26290421
http://doi.org/10.2967/jnumed.108.060657
http://www.ncbi.nlm.nih.gov/pubmed/19403876
http://doi.org/10.1007/s12350-020-02132-1
http://www.ncbi.nlm.nih.gov/pubmed/32405991
http://doi.org/10.1007/s12350-021-02796-3
http://www.ncbi.nlm.nih.gov/pubmed/34535872
http://doi.org/10.1007/s12350-018-01589-5
http://www.ncbi.nlm.nih.gov/pubmed/30684258
http://doi.org/10.1093/eurheartj/ehq389
http://doi.org/10.1161/CIRCULATIONAHA.110.014324
http://doi.org/10.1093/eurheartj/ehab364
http://doi.org/10.1007/s12350-015-0387-x
http://doi.org/10.1161/hc0402.102975
http://www.ncbi.nlm.nih.gov/pubmed/11815441
http://doi.org/10.1016/j.nuclcard.2006.08.007
http://www.ncbi.nlm.nih.gov/pubmed/17174797
http://doi.org/10.1016/j.hrthm.2019.02.034
http://www.ncbi.nlm.nih.gov/pubmed/31103461
http://doi.org/10.1161/CIRCULATIONAHA.110.992552
http://doi.org/10.1016/j.jacc.2008.10.032

J. Clin. Med. 2023, 12, 2120 150f 15

36.

37.

38.

39.

40.

41.

42.

43.

Verhaert, D.; Grimm, R.A.; Puntawangkoon, C.; Wolski, K.; De, S.; Wilkoff, B.L.; Starling, R.C.; Tang, W.W.; Thomas, ].D.; Popovi¢,
Z.B. Long-term reverse remodeling with cardiac resynchronization therapy: Results of extended echocardiographic follow-up. J.
Am. Coll. Cardiol. 2010, 55, 1788-1795. [CrossRef]

Said, E.; ter Maaten, ].M.; Martens, P.; Vernooy, K.; Meine, M.; Allaart, C.P,; Geelhoed, B.; Vos, M.A.; Cramer, M.].; van Gelder,
I.C.; et al. Aetiology of heart failure, rather than sex, determines reverse LV remodeling response to CRT. |. Clin. Med. 2021, 10,
5513. [CrossRef]

Wikstrom, G.; Blomstrom-Lundqvist, C.; Andren, B.; Lonnerholm, S.; Blomstrom, P.; Freemantle, N.; Remp, T.; Cleland, J.G.; on
behalf of the CARE-HF study investigators. The effects of aetiology on outcome in patients treated with cardiac resynchronization
therapy in the CARE-HF trial. Eur. Heart ]. 2008, 30, 782-788. [CrossRef]

Beltrami, C.A.; Finato, N.; Rocco, M.; Feruglio, G.A.; Puricelli, C.; Cigola, E.; Sonnenblick, E.H.; Olivetti, G.; Anversa, P. The
cellular basis of dilated cardiomyopathy in humans. J. Mol. Cell. Cardiol. 1995, 27, 291-305. [CrossRef]

Leyva, F; Taylor, R.; Foley, P.; Umar, F; Mulligan, L.J.; Patel, K.; Stegemann, B.; Haddad, T.; Smith, R.E.; Prasad, S.K. Left
ventricular midwall fibrosis as a predictor of mortality and morbidity after cardiac resynchronization therapy in patients with
nonischemic cardiomyopathy. J. Am. Coll. Cardiol. 2012, 60, 1659-1667. [CrossRef]

Henneman, M.M.; Chen, J.; Dibbets-Schneider, P.; Stokkel, M.P,; Bleeker, G.B.; Ypenburg, C.; Van Der Wall, E.E.; Schalij, M.].;
Garcia, E.V; Bax, J.J. Can LV dyssynchrony as assessed with phase analysis on gated myocardial perfusion SPECT predict
response to CRT. J. Nucl. Med. 2007, 48, 1104-1111. [CrossRef] [PubMed]

Goldberg, A.S.; Alraies, M.C.; Cerqueira, M.D.; Jaber, W.A.; AlJaroudi, W.A. Prognostic value of left ventricular mechanical
dyssynchrony by phase analysis in patients with non-ischemic cardiomyopathy with ejection fraction 25-50% and QRS < 150 ms.
J. Nucl. Cardiol. 2013, 21, 57-66. [CrossRef] [PubMed]

Forleo, G.B.; Schiavone, M.; Della Rocca, D.; Solimene, F.; Schillaci, V.; Covino, G.; Sassara, M.; Savarese, G.; Donzelli, S.; Badolati,
S.; et al. Effective nonapical left ventricular pacing with quadripolar leads for cardiac resynchronization therapy. Kardiol. Pol.
2021, 79, 442-448. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.jacc.2010.01.022
http://doi.org/10.3390/jcm10235513
http://doi.org/10.1093/eurheartj/ehn577
http://doi.org/10.1016/S0022-2828(08)80028-4
http://doi.org/10.1016/j.jacc.2012.05.054
http://doi.org/10.2967/jnumed.107.039925
http://www.ncbi.nlm.nih.gov/pubmed/17574987
http://doi.org/10.1007/s12350-013-9787-y
http://www.ncbi.nlm.nih.gov/pubmed/24092272
http://doi.org/10.33963/KP.15882
http://www.ncbi.nlm.nih.gov/pubmed/33750083

	Introduction 
	Materials and Methods 
	Patient Population and Study Design 
	Consent 
	Minute Walk Distance Test 
	TTE Acquisition and Analysis 
	Scintigraphic Data Acquisition 
	MPI Acquisition and Analysis 
	gBPS Acquisition and Analysis 
	CRT-D Implantation and Programming 
	Clinical Follow-Up, CRT-D Data Acquisition, and Analysis 
	Statistical Analysis 

	Results 
	Patients’ Baseline Clinical and Follow-Up Characteristics 
	Events According to the CRT-D Interrogation Data 
	CRT Response Predictors 

	Discussion 
	Conclusions 
	References

