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Abstract

Background: CMR with cardiac implantable electronic devices can safely provide high-quality 

right/left ventricular ejection fraction (RVEF/LVEF) assessments and strain.

Objectives: The objective was to determine the feasibility and effectiveness of CMR cine 

and strain imaging before and after cardiac resynchronization therapy (CRT) for assessment of 

response and the optimal resynchronization pacing strategy.

Methods: CMR with cine imaging, displacement encoding with stimulated echoes (DENSE) 

for the CURE-SVD dyssynchrony parameter, and scar assessment was performed before and 

after CRT. While the pre-CRT scan constituted a single “imaging set” with complete volumetric, 

strain, and scar imaging, multiple imaging sets with complete strain and volumetric data were 

obtained during the post-CRT scan for biventricular pacing (BIVP), left ventricular pacing (LVP), 

and asynchronous atrial pacing modes by reprogramming the device outside the scanner between 

imaging sets.
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Results: 100 CMRs with a total of 162 imaging sets were performed in 50 patients (median 

age 70 years [IQR 50 to 86 years]; 48% female). Reduction of LV end-diastolic volumes 

(p=0.002) independent of CRT pacing was more prominent than corresponding reductions in 

RV end-diastolic volumes (p=0.16). A clear dependence of the optimal CRT pacing mode (BIVP 

vs LVP) on the PR interval (p=0.0006) was demonstrated. The LVEF and RVEF improved more 

with BIVP than LVP with PR intervals ≥ 240 ms (p=0.025 and p=0.002, respectively); the 

optimal mode (BIVP v. LVP) was variable with PR intervals < 240 ms. A lower pre-CRT DENSE 

CURE-SVD was associated with greater improvements in the post-CRT CURE-SVD (r=−0.69; 

p<0.001), LVESV (r=−0.58; p<0.001), and LVEF (r=−0.52; p<0.001).

Conclusion: CMR evaluation with assessment of multiple pacing modes during a single scan 

after CRT is feasible and provides useful information for patient care with respect to response and 

the optimal pacing strategy.

Keywords

magnetic resonance imaging; heart failure; cardiac resynchronization therapy; implantable 
cardioverter defibrillator

Introduction

While CRT continues to be a frequently used therapy based on clinical trials (1,2) and 

guidelines (3) for many patients with chronic systolic heart failure (4), response rates in 

studies of patients receiving CRT based on these guidelines in clinical practice continue 

to be approximately 60% and often lower (5). Approaches to improve CRT response have 

included CRT programming algorithms designed to improve atrioventricular timing and 

minimize right ventricular (RV) pacing during CRT pacing (6–8); however, it has been 

challenging to demonstrate differences in volumes and function among pacing algorithms, 

and it has been hypothesized that this may be due, in part, to the need for a very reproducible 

imaging approach with a high signal-to-noise ratio. While echocardiography is most often 

used to assess left ventricular (LV) function after CRT based on volumetric measures 

and has the advantage of being perhaps the most accessible way to assess LV function, 

image quality can be highly variable among patients with challenges in defining endocardial 

borders on long-axis images.

With the now widespread use of MR-conditional CRT defibrillators and evidence 

establishing safety of MRI in patients with both MR-conditional and non-MR-conditional 

devices based on large clinical series (9) and expert consensus recommendations (10), 

CMR is now a safe approach that could yield important data regarding CRT response 

and programming strategies in patients with CRT defibrillators, particularly with methods 

capable of high-quality post-device images with minimal artifact (11). In addition, CMR is 

considered by many to be the standard for RV and LV volumetric and strain imaging. The 

potentially high reproducibility and image quality achieved with CMR could be very useful 

clinically for accurate assessments of RV and LV functional changes after CRT. CMR strain 

imaging in conjunction with biventricular volumetric imaging could also provide important 

data on mechanisms of CRT response and provide the reproducibility needed to resolve 

the effects of different CRT programming strategies; however, the feasibility of a post-CRT 

Gao et al. Page 2

JACC Cardiovasc Imaging. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



imaging approach based on assessments of multiple pacing modes during a single scan is 

poorly described. These considerations served as the scientific premise for the present study 

designed to test the hypotheses that assessment of CRT response and the CRT programming 

strategy with CMR is feasible, and such an approach could provide personalized information 

for patient care in heart failure.

Methods

Study Design and Informed Consent

Patients at the University of Virginia Health System undergoing CRT-D were enrolled in a 

prospective study evaluating the use of CMR before and after CRT to evaluate mechanisms 

of response and programming strategies. All patients provided informed consent for this 

cohort study, which was approved by the Institutional Review Board for Human Subjects 

Research at our institution.

Inclusion and Exclusion Criteria

Participants were required to have chronic systolic HF, LVEF ≤ 35%, and a guideline-based 

class I or IIa indication for CRT (3). Patients were also between 25 and 85 years old, 

consistent with populations enrolled in CRT trials, and standard exclusion criteria based on 

CMR were applied.

Study Procedures

Prior to CRT, patients had a contrast-enhanced cardiac magnetic resonance imaging exam 

and an echocardiogram performed, completed a heart failure questionnaire score (Minnesota 

Living with Heart Failure Questionnaire), completed basic laboratory testing including a 

B-type natriuretic peptide, and underwent cardiopulmonary exercise testing if possible. Six 

months after CRT, these tests were repeated to facilitate comparison with the pre-CRT 

findings.

Pre-CRT CMR Protocol

The CMR was acquired using a 1.5T MR scanner (Aera, Siemens Healthineers, Erlangen, 

Germany) using a four-channel phased-array radiofrequency coil. The imaging protocol 

included steady state free precession (SSFP) and gradient echo (GRE) cine imaging, cine 

Displacement with Stimulated Echoes (DENSE), and late gadolinium enhancement (LGE). 

SSFP and GRE cine imaging were performed for all LV short-axis slices (6 mm thickness) 

without gaps and in 3 standard long-axis slices. Cine DENSE was performed in four 

short-axis planes at basal, two mid-ventricular, and apical levels. Cine DENSE parameters 

included a temporal resolution of 17 ms, pixel size of 2.8 x 2.8 mm2, and slice thickness 

of 8 mm (12). Displacement was encoded in two orthogonal directions and a spiral k-space 

trajectory was used with six interleaves per image. Other parameters included: field of 

view 350 x 350 mm2, displacement encoding frequency ke = 0.1 cycles/mm, flip angle 

15°, and echo time = 1.9 msec. Gadobenate dimeglumine 0.10-0.15 mmol/kg (MultiHance, 

Bracco Diagnostics Inc., NJ) or gadoterate meglumine (Dotarem, Guerbet USA) 0.10-0.15 

mmol/kg) was used for LGE imaging. LGE images were acquired for all short-axis slices 

and 3 standard long-axis slices.
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Post-CRT CMR Protocol

The post-CRT exam was again acquired using a 1.5T MR scanner (Aera, Siemens) with 

the ipsilateral arm raised when possible. The CMR sequences included again SSFP and 

GRE cine imaging and DENSE. The post-CRT DENSE acquisition was modified to include 

twelve instead of six spiral interleaves to increase the signal-to-noise ratio during early 

systole. All patients had electrocardiographic monitoring during the scan based on the 

protocol for post-device imaging at our institution (10). A device expert (KB or another 

provider) was present throughout the scan. In most patients, we assessed cine and DENSE 

imaging with biventricular pacing (BIVP) and synchronized left ventricular pacing (LVP) 

with the dual-chamber asynchronous mode (DOO). The atrial asynchronous mode (AOO) 

was used post-CRT in a subset of patients with intact atrioventricular conduction selected 

based on efficiency of completion of imaging during LVP and BIVP modes; the purpose was 

to assess possible reductions in LV chamber size without active resynchronization pacing 

(known as “LV reverse remodeling” or favorable growth). An imaging set was defined as 

acquisition of complete cine and strain data for a particular state (pre-CRT) or pacing mode 

(BIVP, LVP, AOO) before removing the patient from the scanner to program a different 

pacing mode if another imaging set was to be obtained. In this study, there were two to three 

imaging sets during the post-CRT scan (corresponding to BIVP, LVP, and/or AOO modes) 

and one complete imaging set during the pre-CRT scan. After the initial imaging set was 

completed, the MRI technologist disconnected the patient table from the scanner and moved 

(rolled) it just outside the MRI exam room for reprogramming (Central Illustration). The 

programming head was then placed on the patient (between the coils and the patient’s chest) 

and the programming mode was changed to the next pacing mode. The programming head 

was then removed from the patient, and the patient on the MRI table was then returned to 

the scanning chamber, the table reconnected to the scanner, and imaging resumed. After 

the scan, all lead parameters were again rechecked, tachytherapy programming was again 

programmed on, and CRT pacing parameters were restored to the initial specifications.

Analysis of CMR Images

The Imaging Core Lab performing the analyses included investigators at the University of 

Virginia (XG, MA, AR, CH, CSch, CSun, and KB). The left and right end-systolic and end-

diastolic volumes normalized for body surface area (LVESVI, LVEDVI, RVESVI, RVEDVI) 

and LV/RV ejection fractions (LVEF/RVEF) were determined using suiteHEART MRI 

(NeoSoft, USA). Scar was also quantified from LGE images using the same software based 

on a signal intensity six standard deviations greater than the signal intensity in remote nulled 

myocardium. Scar mass and percent scar volume were determined. Circumferential strain 

from 2-dimensional cine DENSE was calculated semiautomatically in 18 segments per slice 

(13,14). The circumferential uniformity ratio estimate with singular value decomposition 

(CURE-SVD) was calculated from DENSE circumferential strain as previously described 

(15). Briefly a rank-1 approximation of the strain matrix was performed using SVD, and the 

CURE calculation was applied to the rank-1 approximation to compute the CURE-SVD.

All CMR parameters values were obtained based on semi-automatic methods using standard 

image analysis software. In addition, as all scans were labeled with anonymous participant 

identifiers, the investigators performing the analyses were blinded at the time of analysis 

Gao et al. Page 4

JACC Cardiovasc Imaging. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to patient characteristics included in later aggregate statistical analyses. In addition, the 

investigators implementing these software-based semi-automatic methods were blinded 

to previous or subsequent parameter values obtained during separate scans. As certain 

acquisitions for each of the different post-CRT imaging sets were labeled based on the 

pacing mode in order to facilitate the subsequent post-scan analyses, investigators analyzing 

pacing mode-specific parameters during the post-CRT scan were not technically blinded to 

the pacing mode; however, it is unlikely that this had a significant influence on the parameter 

values obtained semiautomatically as described. In addition, without a knowledge of patient 

characteristics such as the PR interval at the time of image analysis, it is highly unlikely 

that any bias was introduced with respect to testing the hypotheses regarding the PR interval 

and ventricular function. Multiple scans for the same patient were analyzed at different 

times by raters unaware of the results of prior scans. To assess interobserver variability, two 

observers analyzed 20 MRI studies (10 GRE and 10 SSFP) independently and blinded to 

device settings.

Statistical Analysis

Data were analyzed using SAS version 9.4 (SAS Institute, Carey, NC), R version 3.6.3 

(R Foundation, USA), and SPSS version 26 (SPSS, Chicago, Illinois). Baseline categorical 

variables were expressed as numbers and percentages. For baseline continuous variables, 

the median and range were reported unless otherwise stated. Overall response to CRT was 

determined based on the fractional change in the left ventricular end-systolic volume index 

(LVESVI-FC; continuous variable) post CRT (LVESVI-FC = [LVESVI post-CRT – LVESVI 

pre-CRT]/LVESVI pre-CRT) by CMR, such that more negative values imply a greater 

response. A dichotomized version of the LVESVI-FC based on a cutoff of −0.15 was also 

used to compare differences in patient characteristics based on a binary response indicator. 

Categorical variables in these two groups were compared using the Pearson’s chi-squared 

or Fisher’s exact test, while continuous variables in these two groups were compared using 

paired Student t-test or Wilcoxon tests. Statistical significance was established at p-value < 

0.05. Pearson correlation coefficients, scatter plots, and Bland-Altman plots were used for 

comparisons between SSFP and GRE, and also for interobserver variability. A correlation 

analysis with CURE-SVD and these volumetric measurements was performed. Pairwise 

correlation plots with regression lines, correlation coefficients, and p-values were generated. 

In addition, histograms and kernel density plots were constructed, and the Kolmogorov-

Smirnov test was used to test normality when indicated.

In order to provide a context for the clinical significance of MRI-derived changes in volumes 

and ejection fractions after CRT, the change in heart failure score, change in peak VO2, 

and change in VE/VCO2 slope were compared in the dichotomized groups of CRT response 

based on the CMR LVESV-FC criterion using a t-test or Wilcoxon test. Box plots were 

generated to visualize these results.

Least Absolute Shrinkage and Selection Operator (Lasso) regression (16) was used as 

a robust method for variable selection and variance reduction in the high-dimensional 

regression setting. Lasso regression was used to identify a reduced number of predictors 

of CMR-derived CRT response (indexed as the continuous LVESV-FC parameter) from 
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the following set of 26 potential covariates, which are also listed in Supplemental 

Figure 1: CURE-SVD, QRS duration, LGE presence, age, gender (sex), race, ischemic 

etiology of cardiomyopathy, diabetes mellitus, hypertension, chronic kidney disease, atrial 

fibrillation, prior coronary artery bypass grafting surgery, serum sodium, serum creatinine, 

serum hemoglobin, angiotensin converting enzyme inhibitor/angiotensin receptor blocker 

use, beta blocker use, loop diuretic use, statin use, systolic blood pressure, body mass 

index, New York Heart Association class, PR interval, QRS morphology, prior pacemaker 

or ICD, and scar mass by LGE. The final model was selected from the reduced set 

of predictors identified by the Lasso method by subsequently implementing a stepwise 

selection algorithm to select the model with the lowest Akaike Information Criteria.

Box-plots comparing the change in LVEF from baseline with BIVP versus LVP 

dichotomized by the PR interval were constructed, as synchronized LVP was hypothesized 

to be more beneficial with shorter PR intervals, and linear plots for each patient were 

also generated. Unpaired and paired t-tests were performed to assess differences in LVEF 

improvement based on each pacing mode. A linear mixed effects model for the change in 

LVEF with CRT and covariates of the PR interval, pacing mode (BIVP=1, LVP=0), and the 

interaction of PR interval and pacing mode was constructed. In this model, a significant 

p-value for the interaction term would indicate that the effect of the pacing mode on the 

LVEF after CRT depended on the PR interval. A similar model was constructed for the 

change in RVEF after CRT.

Results

Patient Characteristics

100 MRIs with 162 imaging sets (defined above) were performed in 50 patients (median age 

70 years [IQR 50 to 86 years]; 48% female) before and after CRT (1 imaging set pre-CRT 

and 2.24 imaging sets [averaged] per patient for different pacing modes in post-CRT scans 

for a total of 3.24 imaging sets per patient). Patient demographics, clinical, laboratory, 

and baseline imaging findings are reported in Table 1. At baseline, patients had severely 

decreased LVEF (25.2 % [IQR 11.4 to 42.6%]) with dilated LV cavity size (median LVEDVI 

118 ml/m2 [IQR 60.9 to 299 ml/m2] and median LVESVI 86.9 ml/m2 [IQR 42 to 265 

ml/m2]). The median CURE-SVD at baseline was 0.58 [IQR 0.18 to 0.86]. The 22 patients 

with scar by LGE had a median scar mass of 16.2 g [IQR 10.2 to 32.8 g], and summary 

statistics for scar in all patients are provided in Table 1 CRT implantation was successful in 

all patients without major procedure-related complications. Follow-up scans were obtained 

at 6.4 ± 1.1 months post CRT implantation. During follow up (24.5 ± 9.6 months), one 

patient underwent left ventricular assist device implantation and one patient died with 

decompensated heart failure.

CMR Cine Imaging for Volumetric Analysis for Response

Table 2 describes the pre- and post-CRT CMR parameters based on RV and LV volumes. 

In post-CRT images, volume calculations were highly feasible despite usually minor device-

related artifacts, which were present in 94% of SSFP and 75% of GRE images (examples 

in Supplemental Figure); however, artifact was judged to be significant in 38% of cases 
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with SSFP and 6% with GRE cine imaging. LVEF and RVEF measurements for SSFP 

and GRE correlated well pre-CRT (Figure 1A) and post-CRT (Figure 1B), with smaller 

volumes measured by GRE as compared with SSFP.. Interobserver analysis (CSch and 

AR) demonstrated excellent overall correlations for LVEF assessments by SSFP (r=0.98; 

p<0.001) and GRE (r=0.80, p=0.005; Figure 1C), and strong correlations for RVEF 

assessments by SSFP (r=0.80; p=0.01) and moderate correlation by GRE (r=0.58; p<0.01). 

The corresponding Bland-Altman plots demonstrated that all observations were within or 

close to two standard deviations from the mean.

Twenty-six patients (52%) patients showed a reduction of ≥15% in LVESVI after 6 months 

(LVESVI-FC ≤ −0.15) and were classified as responders based exclusively on CMR 

measurements for the analyses presented in Table 1 and Figure 2. As shown in Figure 

2A, these patients with “CMR response” showed a greater improvement in quality-of-life 

score (−20.5 [IQR −14.0 to −38.0]) versus nonresponders (−2.5 [IQR −6.0 to 2.8]; p<0.001). 

The VE/VCO2 slope also decreased more (favorable change) in CMR responders (−2.6 

[IQR −6.5 to 0] versus nonresponders (1.4 [IQR −1.1 to 3.9]; p=0.005), and the peak VO2 

increased more (favorable change) in CMR responders (6.5% [IQR −4.8% to 10.9%]) versus 

nonresponders (−5.7% [IQR −13.6% to 4.2%]; p=0.017; Figure 2B–C).

Redaction in End-Diastolic Volumes

In order to assess biventricular reverse remodeling 6 months post CRT, LV and RV size 

were evaluated in diastole and independent of function. 19 patients were reprogrammed to 

asynchronous atrial pacing (AOO) during the post- CRT examinations. The distribution of 

the differences in LVEDVI and RVEDVI from the pre- CRT scan to the post CRT scan 

without resynchronization pacing is shown in the kernel probability density plots Figure 

3. The median difference in LVEDVI after CRT was −16.3 mL [IQR −32.5 to −3.3 mL] 

(p=0.002), while the median difference in RVEDVI after CRT was −10.0 ml [IQR −18.6 

to 2.7 mL] (p=0.16). These results are consistent with true end-diastolic volume reductions 

after CRT still seen even without acute resynchronization pacing.

Comparison of Outcomes Based on the CRT Pacing Mode and PR Interval

Box plots comparing unpaired LVEF changes before CRT and 6 months after CRT with 

BIVP versus LVP are shown in Figure 4A–B with stratification by a PR interval of 240 ms 

or more or less than 240 ms. Paired changes at the patient level by pacing mode and PR 

interval are shown in Figures 4C–D. The corresponding changes for RVEF before CRT and 

6 months after CRT by pacing mode and stratified by the PR interval are shown in Figure 

4E–H. LVEF and RVEF improvements were better with BIVP versus LVP in patients with 

a PR interval ≥ 240 ms (p=0.025 and p=0.002, respectively, based on paired t-tests). The 

optimal pacing mode in patients with a PR interval < 240 ms varied from patient to patient, 

highlighting the potential role for CMR for personalization of post-CRT programming. In 

mixed linear models for the change in LVEF and RVEF, the p-values for the interaction 

terms for PR interval*pacing mode (BIVP=1) were 0.04 and 0.0006, respectively, with a 

positive value for the regression coefficients, indicating that effect of the pacing mode on 

LVEF depended on the PR interval, with longer PR intervals favoring BIVP (Supplemental 

Table 1).
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Comparison of CURE-SVD and Volumetric Analysis

There was an overall increase in CURE-SVD post-CRT (0.55 ± 0.18 [pre] vs 0.67 ± 0.16 

[post]; p=0.015). Histograms of pre-CRT and post-CRT values (Figure 5A) and the paired 

differences (Figure 5B) demonstrate a rightward shift to more synchrony post-CRT and 

confirm feasibility of post-CRT DENSE CURE-SVD comparisons before and after CRT. 

A lower pre-CRT CURE- SVD (less synchrony) was associated with: 1) a greater increase 

in CURE-SVD (more synchrony) post-CRT (r=−0.69; p<0.001) (Figure 5C); 2) a greater 

increase in LVEF post-CRT (r=−0.52; p<0.001; Figure 5D); and a greater percent decrease 

in LVESV post-CRT (r=−0.58; p<0.001) (Figure 5E). In addition, each increase of 0.2 in 

the CURE-SVD post-CRT was associated with an incremental percent decrease of 18% in 

the LVESV post-CRT (r=0.61, p<0.001) (Figure 5E). In a multivariable linear regression 

analysis based on Lasso regression to identify a reduced set of optimal predictor variables 

(see also the Methods section), CURE-SVD at baseline was the strongest predictor of MRI-

based CRT response after adjustment for other baseline patient characteristics (Supplemental 

Figure 1 and Supplemental Table 2). QRS duration and LGE presence were also selected as 

covariates in the model.

Discussion

The main finding of this study is that a CMR protocol for assessment of “CMR response” 

to CRT using the best cine imaging modality for each patient based on assessment of 

ventricular volumes, function, and strain for more than one programmed CRT setting 

is feasible and provides useful information for patient care. CMR provided important 

information regarding changes in RV and LV function from CRT, identified favorable 

remodeling/growth trends, and demonstrated the optimal pacing strategy.

While functional capacity (17,18), heart failure symptoms (17), and cardiac function (2) can 

all be used to assessed CRT response, cardiac function is frequently preferred because it 

assesses the most immediate impact of resynchronization pacing. While echocardiography 

(19,20) will continue to have a major role for this purpose because of its accessibility, 

favorable cost, and capacity for 3D imaging (21), echocardiographic LV volumetric 

assessment can be limited by several factors, including acquiring the exact 2-chamber and 

4-chamber long-axis planes before and after CRT, variable quality of echocardiographic 

windows among patients, and challenges associated with tracing endocardial long-axis 

borders at end-systole and end-diastole.

CMR is considered to provide excellent assessment of LV function, RV function (22), 

scar (23), and strain (24). Although a CMR examination is more technically complex than 

an echocardiogram, CMR scanners have become increasingly accessible in current times, 

and CMR is increasingly the imaging modality of choice for diagnosis of cardiomyopathy 

etiology and scar burden. In addition, an increasing number of patients are eligible to 

receive macrocyclic gadolinium-based contrast agents for scar assessment based on current 

American College of Radiology guidelines (25). Now that these CMR scans are considered 

safe in nearly all patients with CRT defibrillators and pacemakers (26,27), there is an unmet 

need to establish scanning protocols to maximize information obtained and optimize image 
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quality, and this study establishes the feasibility and effectiveness of such a protocol based 

on assessments of multiple pacing modes in a single session.

Device algorithms to determine atrioventricular and LV-RV pacing intervals have not been 

associated with significant benefits in LV function using echocardiographic assessments (8). 

One plausible possibility for this outcome is that echocardiography may not have provided 

the signal-noise ratio to assess these differences. Another widely used device algorithm is 

LVP, in which left ventricular pacing is timed so that the wave front emanating from this 

electrical impulse from the LV free wall merges with conduction on the LV septum via the 

right bundle branch (6). While the PR interval has been presumed to be associated with the 

effectiveness of this algorithm relative to pacing from both the LV and RV pacing leads, 

echocardiography has not provided clear differentiation of the effects of this algorithm on 

RV and LV function. This highlights the role for CMR for personalization of the CRT pacing 

mode and determination of PR interval cutoffs to favor SLVP over BIVP. The rationale for 

stratification of the 30% of patients with a PR interval ≥ 240 ms (including patients with 

third degree AV block) versus patients with a PR interval < 240 ms is that BIVP is expected 

to be more beneficial in patients with longer PR intervals because the combination of right 

and left ventricular pacing with BIVP compensates for the lack of intrinsic septal conduction 

through the right bundle branch with long PR intervals at the time of pacing the LV free 

wall. The demonstration that CMR can differentiate RV and LV effects based on the PR 

interval for these two pacing modes also suggests that CMR could be useful to provide better 

signal-to-noise ratios for evaluation of the effects of other CRT pacing algorithms on LV and 

RV function.

The strain imaging findings are also novel, as post-CRT DENSE assessment of the CURE-

SVD has not previously been compared to pre-CRT DENSE assessment of the CURE-SVD 

(16). The present study now extends the results of prior studies by showing that the pre-CRT 

CURE-SVD is also the strongest predictor of CRT response based on CMR assessments. 

The mechanism of this effect is more likely improvement of the post-CRT CURE-SVD with 

a lower pre-CRT CURE-SVD.

Limitations

Among the limitations of the present study is that not more than two to three settings were 

tested in a single CMR session. Of note, assessment of more settings in a single session 

could be feasible with increasing use of free-breathing cine imaging to acquire functional 

data more rapidly. In addition, CMR requires asynchronous pacing with both atrial and 

ventricular pacing. As a result, instead of assessing function based on atrial sensing and 

ventricular pacing, atrioventricular intervals are easily adjusted to account for additional 

atrial electrical transit time associated with atrial pacing. In addition, two of the investigators 

in the Imaging Core Lab (XG and KB) were initially blinded during CMR image analysis 

to patient characteristics and within-participant parameter values obtained across pre-CRT 

and post-CRT scans, but later unblinded at the time of aggregate statistical analyses. As the 

CMR parameter values had already been obtained prior to aggregate statistical analysis, it is 

very unlikely that this late unblinding significantly influenced the results reported. We also 
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note that larger studies, in terms of sample size, sites, and settings, would be very helpful to 

investigate this promising area more completely.

Conclusions

CMR evaluation with assessment of multiple pacing modes in a single session after CRT is 

feasible and provides useful information for patient care.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspectives

Competency in Medical Knowledge:

CRT response can be assessed effectively with CMR, which provides very high-quality 

data on right/left ventricular function and strain/synchrony before and after CRT.

Competency in Patient Care:

Patient care could be enhanced by CMR assessment of resynchronization pacing mode 

in order to personalize the CRT programming strategy. Competency in Interpersonal and 

Communication Skills: Results from post-CRT CMR assessments of cardiac function 

based on biventricular volumes and strain offers providers highly relevant data with 

respect to response and prognosis that could be used to formulate a plan of care.
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Translational Outlook

The results of this paper offer a new paradigm with respect to the information that can be 

provided with post-device CMR examinations. This information could be used to design 

future studies that assess the effectiveness of CRT device programming and optimization.
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Figure 1 –. Response Assessment Based on Pre-CRT and Post-CRT CMR with Associated 
Interobserver Variability.
CMR assessments of baseline function with comparison of SSFP and GRE (A), response 

post-CRT (B), and interobserver variability for SSFP and GRE (C) are shown.
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Figure 2 –. CMR Response Status Relative to Other Response Endpoints.
Endpoints include change in heart failure quality of life score (A), change in VE/VCO2 (B) 

and peak VO2 achieved (C).
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Figure 3 –. LVEDVI and RVEDVI After CRT without Resynchronization Pacing.
Shown are kernel probability density plots for the changes in LVEDVI (A) and RVEDVI (B) 

6 months after CRT with asynchronous atrial pacing (AOO).
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Figure 4 –. Analysis of BIVP and LVP Pacing Modes in CRT by PR Intervals.
Unpaired and paired changes in LVEF for patients with PR ≥ 240 ms (A,C) and PR < 240 

ms (B,D) are shown. Corresponding changes for RVEF before and after CRT by PR interval 

group are shown (E-H).
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Figure 5 –. CURE-SVD Before and After CRT.
Distributions for pre- and post-CRT CURE-SVD (A) and the paired change in CURE-SVD 

(B) are shown. Correlation plots demonstrate improvements in the post-CRT CURE-SVD 

(C), post-CRT CURE-LVEF (D), and post-CRT LVESV versus the baseline CURE-SVD.
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Central Illustration –. Multiple Imaging Sets in a Single CMR Examination.
The paradigm of using CMR to assess CRT response and programming strategies is 

illustrated. After having a CMR scan pre-CRT, patients have another CMR scan 6 months 

after CRT. During the post-CRT scan, multiple imaging sets with cine and strain imaging for 

different programmed CRT parameters are performed.
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Table 1.

Baseline Characteristics

All Patients
(N=50)

CMR Responder
(N=26)

CMR Nonresponder
(N=24)

P-value

Age (years; median[range]) 70.0 [50.0, 86.0] 70.0 [50.0, 86.0] 69.0 [55.0, 86.0] 0.46

Sex (female; no.[percent]) 24 (48%) 11 (42.3%) 13 (54.2%) 0.58

Race 0.85

 African American (no.[percent]) 8 (16.0%) 5 (19.2%) 3 (12.5%)

 White (no.[percent]) 39 (78.0%) 20 (76.9%) 19 (79.2%)

 Other (no.[percent]) 3 (6.0%) 1 (3.8%) 2 (8.3%)

Ischemic CM (no.[percent]) 25 (50%) 14 (53.8%) 11 (45.8%) 0.78

Prior CABG (no.[percent]) 4 (8%) 3 (11.5%) 1 (4.2%) 0.66

NYHA Heart Failure Class 0.32

 Class II (no.[percent]) 33 (66.0%) 15 (57.7%) 18 (75.0%)

 Class III (no.[percent]) 17 (34.0%) 11 (42.3%) 6 (25.0%)

Diabetes Mellitus (no.[percent]) 16 (32%) 9 (34.6%) 7 (29.2%) 0.91

Chronic Kidney Disease (no.[percent]) 21 (42%) 9 (34.6%) 12 (50.0%) 0.42

Sodium (mEq/L; median[range]) 138 [128, 143] 138 [130, 142] 139 [128, 143] 0.93

Creatinine (mg/dL; median[range]) 1.10 [0.600, 2.40] 1.05 [0.700, 2.30] 1.15 [0.600, 2.40] 0.15

GFR (mL/min/1.72m2; median[range]) 62.5 [28.0, 107] 65.0 [28.0, 107] 61.0 [33.0, 96.0] 0.12

Hemoglobin (g/dL; median[range]) 13.0 [9.00, 16.8] 13.1 [10.0, 16.3] 12.8 [9.00, 16.8] 0.82

Medications

 Beta Blocker (no.[percent]) 46 (92%) 24 (92.3%) 22 (91.7%) 1

 ACE Inhibitor/ARB (no.[percent]) 44 (88%) 22 (84.6%) 22 (91.7%) 0.74

 Loop Diuretic Dose (mg; median[range]) 40.0 [0, 160] 30.0 [0, 160] 40.0 [0, 160] 0.43

 Statin (no.[percent]) 33 (66%) 16 (61.5%) 17 (70.8%) 0.69

Systolic Blood Pressure (mm Hg; median[range]) 120 [88.0, 148] 120 [92.0, 148] 120 [88.0, 145] 0.32

Body Mass Index (kg/m2; median[range]) 28.4 [16.5, 51.8] 27.9 [18.7, 51.8] 29.3 [16.5, 49.6] 0.87

QRS Duration (ms; median[range]) 156 [120, 216] 160 [120, 200] 152 [125, 216] 0.31

QRS Morphology 0.95

 LBBB (no.[percent]) 31 (62.0%) 16 (61.5%) 15 (62.5%)

 RBBB (no.[percent]) 12 (24.0%) 6 (23.1%) 6 (25.0%)

 Paced (no.[percent]) 7 (14.0%) 4 (15.4%) 3 (12.5%)

Upgrade Device (no.[percent]) 14 (28%) 7 (26.9%) 7 (29.2%) 1

QLV Time (ms; median[range]) 120 [50.0, 200] 125 [60.0, 200] 120 [50.0, 170] 0.45

CURE-SVD Dyssynchrony Parameter (median[range]) 0.583 [0.177, 0.862] 0.528 [0.177, 0.862] 0.639 [0.303, 0.859] 0.047

LV End Systolic Volume Index; (mL/m2 median[range]) 86.9 [42.0, 265] 89.1 [46.5, 179] 82.9 [42.0, 265] 0.75

LV End Diastolic Volume Index (mL/m2 median[range]); 118 [60.9, 299] 121 [75.8, 211] 114 [60.9, 299] 0.53

LV Ejection Fraction (%; median[range]) 25.2 [11.4, 42.6] 25.2 [12.4, 38.7] 26.2 [11.4, 42.6] 0.83

Scar Mass (g; median[interquartile range]) 0 [0, 14.8] 0 [0, 12.3] 0 [0, 15.7] 0.33

Percent Scar Volume (%) 0 [0, 11.0] 0 [0, 9.7] 0 [0, 11.4] 0.64

RV End Diastolic Volume Index (mL/m2 median[range]); 65.1 [32.8, 251] 78.0 [39.1, 251] 61.1 [32.8, 95.2] 0.056
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All Patients
(N=50)

CMR Responder
(N=26)

CMR Nonresponder
(N=24)

P-value

RV End Systolic Volume Index; (mL/m2 median[range]) 33.2 [14.3, 155] 44.0 [14.3, 155] 33.2 [15.0, 69.4] 0.13

RV Ejection Fraction (%; median[range]) 33.3 [2.31, 65.9] 31.2 [2.31, 59.3] 34.4 [12.5, 65.9] 0.30

Baseline Peak Oxygen Output (VO2) (mL/kg/min; 
median[range])

14.3 [5.50, 23.7] 14.3 [6.60, 23.7] 13.7 [5.50, 21.7] 0.89

Baseline BNP (pg/mL; median[range]) 368 [25.0, 3680] 264 [43.0, 3150] 438 [25.0, 3680] 0.55

Baseline Heart Failure Score; median[range]) 35.0 [5.00, 94.0] 39.5 [5.00, 94.0] 25.0 [5.00, 68.0] 0.026

Survival Status 1

Alive (no.[percent]) 47 (94.0%) 24 (92.3%) 23 (95.8%)

Dead/LVAD/Tx (no.[percent]) 3 (6.0%) 2 (7.7%) 1 (4.2%)

ACE = angiotensin-converting enzyme; ARB = angiotensin receptor blocker; BNP = B-type Natriuretic Peptide; CABG = coronary artery bypass 
graft; CURE-SVD = circumferential uniformity ratio estimate with singular value decomposition; CM = cardiomyopathy; CMR = cardiac magnetic 
resonance; CRT = cardiac resynchronization therapy; GFR = Glomerular Filtration Rate; LBBB = left bundle branch block; LVAD = left ventricular 
assist device; NYHA = New York Heart Association; Q-LV time = the time from QRS onset on the surface ECG to the time of local LV 
depolarization at the location of the pacing electrode of the LV lead; RBBB = right bundle branch block; Tx = transplant
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Table 2.

Summary of CMR Findings Before and After CRT

SSFP GRE DENSE

Pre-CRT Post-CRT p Value Pre-CRT Post-CRT p Value Pre-CRT Post-CRT p 
Value

LVEF (%) 23.6 ± 7.7 27.8 ± 12.5 0.03 26.5 ± 8.83 2.9 ± 12 0.001

LVESVI 
(mL/m2)

98.6 ± 41.8 82.8 ±46.3 0.001 90.4 ± 46.8 72.2 ± 45.5 0.001

LVEDVI 
(mL/m2)

127.0 ± 44.1 109.4 ± 47.2 0.002 120 ± 49.7 101.6 ± 45.9 0.002

RVEF (%) 34.6 ± 11.74 0.8 ± 6 0.02 38.4 ± 14 42.1 ± 11.7 0.02

RVESVI 
(mL/m2)

46.8 ± 20.34 1.2 ± 19.2 0.003 44.8 ± 24.4 37.8 ± 18.7 0.005

RVEDVI 
(mL/m2)

72.0 ± 24.86 2.6 ± 24.1 0.013 73 ± 32.5 65 ± 29.3 0.009

CURE-SVD 0.55 
(0.49-0.67)

0.67 
(0.50-0.81)

0.015

Values are mean ± standard deviation or median (interquartile range).

CURE-SVD = circumferential uniformity ratio estimate with singular value decomposition; DENSE = displacement encoding with stimulated 
echoes; LVEDVI = left ventricular end-diastolic volume index; LVEF = left ventricular ejection fraction; LVESVI = left ventricular end-systolic 
volume index; RVEDVI = right ventricular end-diastolic volume index; RVEF = right ventricular ejection fraction; RVESVI = right ventricular 
end-systolic volume index; PSV = percent scar volume; SHFM-D = Seattle Heart Failure Model.
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