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Abstract

BACKGROUND—A prolonged PR interval is common among cardiac resynchronization therapy 

(CRT) candidates; however, the association between PR interval and outcomes is unclear, and the 

data are conflicting.

METHODS—We conducted inverse probability weighted analyses of 26 451 CRT-eligible 

(ejection fraction ≤35, QRS ≥120 ms) patients from the National Cardiovascular Data Registry 

ICD Registry to assess the association between a prolonged PR interval (≥230 ms), receipt of CRT 

with defibrillator (CRT-D) versus implantable cardioverter defibrillator (ICD), and outcomes. We 

first tested the association between a prolonged PR interval and outcomes among patients stratified 

by device type. Next, we performed a comparative effectiveness analysis of CRT-D versus ICD 

among patients when stratified by PR interval. Using Medicare claims data, we followed up with 

patients up to 5 years for incident heart failure hospitalization or death.

RESULTS—Patients with a PR≥230 ms (15%; n=4035) were older and had more comorbidities, 

including coronary artery disease, atrial arrhythmias, diabetes mellitus, and chronic kidney 

disease. After risk adjustment, a PR≥230 ms (versus PR<230 ms) was associated with increased 

risk of heart failure hospitalization or death among CRT-D (hazard ratio, 1.23; 95% confidence 

interval, 1.14–1.31; P<0.001) but not ICD recipients (hazard ratio, 1.08; 95% confidence interval, 

0.97–1.20; P=0.17) (Pinteraction=0.043). CRT-D (versus ICD) was associated with lower rates of 

heart failure hospitalization or death among patients with PR<230 ms (hazard ratio, 0.79; 95% 

confidence interval, 0.73–0.85; P<0.001) but not PR≥230 ms (hazard ratio, 1.01; 95% confidence 

interval, 0.87–1.17; P=0.90) (Pinteraction=0.0025).
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CONCLUSIONS—A PR≥230 ms is associated with increased rates of heart failure 

hospitalization or death among CRT-D patients. The real-world comparative effectiveness of CRT-

D (versus ICD) is significantly less among patients with a PR≥230 ms in comparison with patients 

with a PR<230 ms.
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QRS morphology and duration are well-established predictors of outcomes among patients 

receiving cardiac resynchronization therapy (CRT) devices. The presence of left bundle-

branch block and prolonged QRS duration (≥150 ms) have been associated with superior 

outcomes in many cohorts, including those enrolled in randomized controlled trials.1–4 In 

contrast, many studies have suggested that CRT may not be efficacious in those with shorter 

QRS duration, non–left bundle-branch block (LBBB) morphology, or both. Current 

guidelines on the use of CRT reflect these observations and either weakly recommend or do 

not recommend the use of CRT in patients with unfavorable QRS profiles, depending on 

New York Heart Association symptom class.5

The favorable effect of CRT is attributed to achieving both biventricular resynchronization 

and atrioventricular resynchronization, although the relative contribution of each to the 

effect of CRT is controversial. It has been hypothesized that the treatment effect of 

atrioventricular resynchronization may vary on the basis of the PR interval because of the 

association of a prolonged PR interval with disordered diastolic filling. The existing 

literature on the association between PR interval and CRT outcomes is conflicting, with 

some studies suggesting that a prolonged PR interval is associated with increased benefit 

from CRT,6–8 with others suggesting that the same measure is associated with decreased 

benefit from CRT.9–12 As such, we performed a comparative effectiveness analysis to 

determine the association between prolonged PR interval (≥230 ms), CRT with defibrillator 

(CRT-D) use (versus implantable cardioverter defibrillator [ICD]), and outcomes, in a 

nationally representative cohort of older CRT-eligible patients with heart failure. We used a 

230-ms PR interval threshold (instead of 200 ms) to ensure that our analysis focused on 

those with unequivocally abnormal atrioventricular conduction. In addition, physiological 

studies maintain that PR intervals >230 ms are associated with the development of diastolic 

mitral regurgitation,13,14 providing physiological support for using this threshold in the 

current analysis.

METHODS

Data sources

National Cardiovascular Data Registry ICD Registry—Patients for this study were 

identified from the National Cardiovascular Data Registry (NCDR) ICD Registry versions 

1.0 and 2.0. According to a mandate from the Centers for Medicare and Medicaid Services, 

all Medicare beneficiaries who receive a primary prevention ICD are enrolled in the ICD 

Registry; many sites report implantation of all ICD implants, allowing the registry to capture 
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an estimated 90% of all ICD implantations in the United States.15 The ICD Registry 

includes extensive information on baseline characteristics, procedure details, and in-hospital 

outcomes. Rigorous data abstraction processes and standards are used, including 

standardized variable definitions, electronic quality checks, electronic data submission over 

a secure website, and annual on-site audits of a few enrolling sites.16 This rigorous approach 

has led to >90% accuracy for data elements.17 The Human Investigation Committee of the 

Yale University School of Medicine approved the use of data from the ICD Registry for 

research purposes.

Medicare Database

Longitudinal outcomes were obtained by linking fee-for-service Medicare claims to the ICD 

Registry by using indirect identifiers: patient sex, birth date, hospital, admission date, and 

discharge date.18 Inpatient claims, outpatient claims, and the denominator files were used to 

assess morbidity and mortality. We used the Chronic Conditions Warehouse database (years 

2005–2011), which includes both Part A and Part B Medicare claims, to assess specific 

covariates and outcomes.

Study Population

We restricted the study population to all fee-for-service Medicare patients ≥65 years old who 

underwent ICD implantation (with or without CRT) between January 1, 2006, and 

December 31, 2010; were eligible for CRT (on the basis of an ejection fraction ≤35% and 

QRS≥120 ms); had reported data on PR interval and QRS morphology; and could be linked 

to Medicare claims data. We excluded patients who were admitted during a nonelective 

hospitalization, were enrolled in the ICD Registry at the time of generator change, required 

an epicardial lead, had a prior pacemaker or defibrillator, and had a second- or third-degree 

heart block or a paced rhythm before device implantation.

Patient Characteristics

All baseline characteristics, with the exception of the frailty and dementia variables, were 

obtained directly from the ICD Registry case report form. Dementia and frailty were defined 

through the use of Hierarchical Condition Categories to allow for the adjustment for 2 

important variables that are known to have an effect on prognosis and the decision to implant 

a CRT-D versus ICD.19

Treatment

The treatment of interest was CRT-D versus ICD alone.

Outcomes

The primary outcome was the composite end point of heart failure (HF) hospitalization or 

death. Secondary outcomes included HF hospitalization and death, individually. Medicare 

claims data were available through the end of 2011. Follow-up was censored 5 years after 

device implant or on the date at which the patient’s data were no longer available (because 

of death or transition to a managed care plan). We used 2 falsification end points20 

(gastrointestinal bleed and bone disorder/fracture) to test the adequacy of the statistical 
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models used for the comparative effectiveness analyses, because these outcomes should not 

vary on the basis of the receipt of CRT-D versus ICD.

Vital status was determined by the Medicare denominator file. Longitudinal outcomes were 

determined by International Classification of Diseases, Ninth Revision, Clinical 
Modification (ICD-9-CM) or diagnosis-related group codes as appropriate: HF 

hospitalization (diagnosis-related group 127 before October 1, 2007, and diagnosis-related 

groups 291–293 on or after October 1, 2007); gastrointestinal bleed (ICD-9-CM code 578); 

and bone disorder/fracture (ICD-9-CM codes 730–736, 802–824).19

Statistical Analysis

Baseline characteristics of the study population dichotomized by PR interval (≥ or <230 ms) 

were described by using proportions for categorical variables and means with standard 

deviations for continuous variables. Differences between groups were tested using the χ2 

test for categorical variables and t tests for continuous variables.

We reported observed event rates by baseline PR interval and device type (CRT-D or ICD). 

For the primary end point of HF hospitalization or death and the secondary end point of 

death, the Kaplan-Meier method was used to calculate event rates, and the log-rank test was 

used to assess differences between groups. For HF hospitalization, the cumulative incidence 

function was used to calculate event rates and Gray tests to assess differences between 

groups while accounting for the risk of death.

To estimate the risk-adjusted association between PR interval, device type (CRT-D versus 

ICD), and each outcome, we used inverse probability weighted Cox proportional hazard or 

Fine-Gray models. Cox proportional hazard models were used for the end points of HF 

hospitalization or death and death. Fine-Gray models were used for the end points of HF 

hospitalization, gastrointestinal bleed, and bone disorder/fracture, to account for the 

competing risk of death, which is high in this population. Logistic regression models were 

used to examine factors associated with CRT-D receipt or a prolonged PR interval 

(depending on the analysis) and derive an inverse probability weight (IPW) on the basis of 

all covariates detailed in Table 1. Interactions between device type (CRT-D versus ICD), PR 

interval, and outcome were calculated. The comparative effectiveness of CRT-D versus ICD 

was also tested in analyses stratified by both PR interval and QRS morphology. We plotted 

the unadjusted incidence rate of the primary outcome across subgroups defined by binning 

CRT patients by PR interval using 10-ms bins. Based on the observation that the association 

between the incidence of HF hospitalization or death and PR interval decreased linearly until 

a threshold of 170 ms, and increased linearly thereafter, we fitted a linear spline function of 

PR interval with a knot at 170 ms. Based on this, we created a multivariable Cox model with 

2 PR interval variables, each examining PR interval across the continuous range, with one 

variable for PR intervals <170 ms, and the other for PR intervals ≥170 ms. We constructed 

restricted cubic spline functions (5 knots at the 5th, 25th, 50th, 75th, and 90th percentiles) to 

explore the relation between PR interval and outcomes among CRT-D patients; functions 

were generated on the basis of the β-coefficients estimated from unadjusted and 

multivariable models and plotted as log hazard on the y axis versus PR interval on the x axis. 

The comparative effectiveness of CRT-D versus ICD was assessed across the continuous 
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range of PR intervals using restricted cubic spline with 5 knots at the 5th, 25th, 50th, 75th, 

and 90th quantiles of PR interval using a fully adjusted multivariable model including an 

interaction term for the device (CRT-D versus ICD) and PR interval. Hazard ratios (HRs) or 

subdistribution hazard ratios and their 95% confidence intervals (CIs) were reported on the 

basis of robust sandwich variance estimates to account for clustering of patients within 

hospitals, as appropriate. Missing variables were addressed with the multiple imputation 

technique; the coefficients of 5 rounds of imputation were combined to obtain the final 

estimates for the models. A P value of <0.05 was considered statistically significant for all 

tests. Analyses were performed by using SAS (version 9.3, SAS institute).

The glomerular filtration rate was calculated using the Modification of Diet in Renal Disease 

formula.21

RESULTS

Between January 1, 2006, and December 31, 2010, 122 643 individuals with an ejection 

fraction ≤35% and QRS≥120 ms underwent ICD implantation and were enrolled in the 

NCDR ICD Registry. We excluded individuals with a prior pacemaker or defibrillator (n=54 

897), implantation during a nonelective hospital admission (n=27 236), an epicardial left 

ventricular lead (n=1058), second or third degree heart block (n=1084), paced rhythm 

(n=843), missing QRS morphology (n=4264), or an unobtainable PR interval (because of 

atrial fibrillation or other abnormal atrial rhythm, atrioventricular (AV) block, or paced 

rhythm) (n=6810). No patients were excluded on the basis of a missing PR interval. Fifteen 

percent of patents (n=4035) had a PR interval of ≥230 ms, and the median follow-up was 34 

months.

Baseline patient, hospital, operator, and procedure characteristics stratified by PR interval 

are detailed in Table 1. Patients with a prolonged PR interval were more often male, older, 

and more frequently comorbid with ischemic heart disease, atrial arrhythmias, 

cerebrovascular disease, diabetes mellitus, and chronic kidney disease. Forty-five percent of 

all implants were performed by operators who implanted >20 CRT devices per year, and this 

did not vary by PR interval. Device implants in patients with a PR<230 ms were slightly 

more common in hospitals with >500 beds. Although LBBB was less common among those 

with a PR≥230 ms, CRT rates did not differ by PR interval.

In unadjusted analyses, a prolonged PR interval was associated with an increased risk of HF 

hospitalization or death, death, and HF hospitalization alone, among ICD and CRT-D 

patients at 1, 3, and 5 years of followup (Table 2). However, after IPW risk adjustment, a 

PR≥230 ms (versus PR<230 ms) remained associated with increased risk of HF 

hospitalization or death among CRT-D (HR, 1.23; 95% CI, 1.14–1.31; P<0.001) but not ICD 

recipients (HR, 1.08; 95% CI, 0.97–1.20; P=0.17) (Pinteraction=0.043) (Table 3); results were 

consistent using the individual end points of HF hospitalization and death. Online-only Data 

Supplement Table I contains the baseline characteristics of the IPW cohort for this analysis. 

Among CRT-D recipients, a plot of the unadjusted incidence of HF hospitalization or death 

by PR interval (continuous) was created and fitted with a linear spline function with a single 

knot at 170 ms (online-only Data Supplement Figure I). Among CRT-D recipients, there was 
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no association between PR interval (across the continuous range) and HF hospitalization or 

death among those with a PR<170 ms (HR, 0.9997; 95% CI, 0.9979–1.0014; P=0.70, per 1-

ms increase in PR interval); among those with a PR interval ≥170 ms, there was a linear 

relationship between PR interval (across the continuous range) and HF hospitalization or 

death (HR, 1.0014; 95% CI, 1.0008–1.0021; P<0.001, per 1-ms increase in PR interval). 

When the association between PR interval and outcomes among CRT-D patients was 

additionally assessed using restricted cubic splines, we again identified ≈170 ms as a 

clinically relevant cut point at which risk for HF hospitalization and death increased (online-

only Data Supplement Figure II).

We subsequently tested the comparative effectiveness of CRT-D versus ICD in IPW analyses 

stratified by PR interval. CRT-D (versus ICD) was associated with lower rates of HF 

hospitalization or death among patients with PR<230 ms (HR, 0.79; 95% CI, 0.73–0.85; 

P<0.001) but not PR≥230 ms (HR, 1.01; 95% CI, 0.87–1.17; P=0.90) (Pinteraction=0.0025) 

(Table 4, Figure 1); this was consistent in sensitivity analyses using multivariable adjustment 

including an interaction term for device type and PR interval (online-only Data Supplement 

Table II), when examining the components of the composite end point individually, and 

among the LBBB patients. CRT-D was not associated with a reduction in HF hospitalization 

or death in non-LBBB patients in either PR-interval group. Online-only Data Supplement 

Tables III and IV contain the baseline characteristics of the IPW-adjusted LBBB and non-

LBBB populations, respectively. In a series of IPW analyses using the falsification end 

points of gastrointestinal bleed and bone disorder/fracture, we found that neither outcome 

varied by receipt of CRT-D versus ICD, suggesting adequate statistical adjustment among 

the cohorts used in the comparative effectiveness analyses (online-only Data Supplement 

Table V). We performed additional sensitivity analyses for the 2 IPW models where 

covariate assessment demonstrated standardized differences of ≥10%; in these models, we 

additionally adjusted for any variable with a standardized difference of >10%, and the 

results were unchanged.

To further explore the relationship between PR interval and outcomes in CRT, we performed 

a sensitivity analysis looking at the comparative effectiveness of CRT-D (versus ICD) within 

3 subpopulations, defined by PR interval: PR<180 ms, PR 180 ms to 229 ms, and PR≥230 

ms. CRT-D use was associated with a significantly lower risk for HF hospitalization or death 

among those with a PR<180 ms (HR, 0.79; 95% CI, 0.72–0.88; P<0.0001) and a PR of 180 

to 229 ms (HR, 0.78; 95% CI, 0.71–0.86; P<0.0001), but not among those with a PR≥230 

ms (HR, 1.01; 95% CI, 0.87–1.17; P=0.90) (Pinteraction=0.0086) (Figure 2). Online-only Data 

Supplement Table VI contains the baseline characteristics for the IPW-adjusted groups 

constructed for this sensitivity analysis. When assessed using a restricted cubic spline, it is 

evident that the comparative effectiveness of CRT versus ICD decreases in a linear manner 

across the continuous range of PR intervals (Figure 3).

DISCUSSION

In this nationally representative study, we report a series of key observations underscoring 

the importance of the PR interval in older CRT-eligible patients. First, we demonstrated that 

15% of CRT-eligible patients have a PR interval ≥230 ms, and these patients have a higher 
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comorbidity burden including diabetes mellitus, atrial arrhythmias, chronic kidney disease, 

and ischemic heart disease, in comparison with patients with a PR<230 ms. Second, we 

demonstrated that after adjustment for increased comorbidity burden, a PR≥230 ms was 

associated with an increased risk of HF hospitalization and death among patients implanted 

with a CRT-D; it is interesting to note that a prolonged PR interval was not associated with 

an increased risk of HF hospitalization and death among those implanted with an ICD. In a 

comparative effectiveness analysis, we demonstrated that CRT-D use (versus ICD) was only 

associated with a reduction in HF hospitalization and death among those with a PR<230 ms, 

a finding that was consistent among LBBB patients. CRT-D (versus ICD only) use was not 

associated with the primary end point among non-LBBB patients, regardless of the PR 

interval.

The lack of an independent association between a prolonged PR interval and outcomes in the 

ICD-only group suggests that, in isolation, a prolonged PR interval is not itself harmful in 

this population (at least in the presence of an ICD), but rather is a marker of accumulated 

comorbidities. However, a prolonged PR interval either directly or indirectly appears to be 

associated with reduced real-world comparative effectiveness of CRT-D (versus ICD), even 

in LBBB patients, the subgroup of patients who have historically been most likely to benefit.

Prior studies on the association between PR interval and outcomes in CRT have reported 

conflicting findings. A retrospective analysis of CRT recipients in the MIRACLE trial 

(Multicenter InSync Randomized Clinical Evaluation) and MIRACLE ICD studies 

demonstrated that the absence of first-degree heart block was associated with an increased 

likelihood of New York Heart Association class improvement among those in MIRACLE, 

but not in MIRACLE ICD, despite nearly identical enrollment criteria.11 CARE-HF 

investigators (Cardiac Resynchronization – Heart Failure) found that a prolonged PR interval 

was an independent predictor of death or unplanned cardiovascular hospitalization among 

the entire study cohort (medical and CRT arms).9 In an analysis of the COMPANION trial 

(Comparison of Medical Therapy, Pacing, and Defibrillation in Heart Failure), a PR≥200 ms 

was a predictor of increased risk of HF hospitalization or death among control but not CRT 

patients.7 It is interesting to note that the COMPANION investigators also found that CRT 

effectiveness was greater in the PR≥200 ms group (0.54, P<0.01) than in the PR<200 ms 

group (0.71, P=0.02), although there was not a significant interaction between treatment, PR 

interval, and outcomes (P=0.17). In a retrospective analysis of the non-LBBB patients from 

the MADIT-CRT trial (Multicenter Automatic Defibrillator Implantation Trial with Cardiac 

Resynchronization Therapy), CRT use in patients with a PR≥230 ms was associated with a 

73% reduction in HF hospitalization or death, whereas there was a trend toward increased 

risk among those with a shorter PR interval (Pinteraction<0.001).6 In a secondary analysis of 

the RethinQ study (Cardiac Resynchronization Therapy in Patients with Heart Failure and 

Narrow QRS), CRT was associated with improvements in Vo2max, ejection fraction, and 

New York Heart Association class, exclusively among those with a PR≥180 ms.8 A 

retrospective analysis from the Mayo Clinic reported that patients with a PR>200 ms had 

lower rates of reverse remodeling and a trend toward increased mortality.12 Last, a recent 

single-center study reported that a PR>200 ms was associated with an increased risk of HF 

hospitalization and reduced reverse remodeling, particularly among those with a non-LBBB 

QRS morphology.10
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The varied findings among studies assessing PR interval in CRT recipients may be, at least 

in part, related to physiologically plausible mechanisms relating a prolonged PR interval to 

outcomes in CRT. A prolonged PR interval is associated with a number of factors that have 

been associated with reduced CRT response (including male sex, ischemic heart disease, 

atrial fibrillation, and diabetes mellitus) and may be a marker for increased ventricular 

fibrosis and scar. Thus, it is possible that a prolonged PR interval is a marker of a ventricular 

substrate that is less amenable to resynchronization. Second, a prolonged PR interval reflects 

a combination of intrinsic intra-atrial and atrioventricular conduction, both of which impact 

diastolic filling. A prolonged PR interval is often considered detrimental to diastolic filling 

because it leads to a decrease in diastolic filling time. However, patients with a prolonged 

PR interval often have delayed interatrial conduction times22 and thus may benefit from a 

longer PR interval because it may allow for complete atrial emptying during atrial systole. 

Thus, the interaction between a prolonged PR, CRT, diastolic filling, and outcomes, is likely 

complex, depending, at least in part, on atrial conduction times and the programmed AV 

delay.

Echocardiogram guided AV optimization was used in MIRACLE, CARE-HF, and a single-

center report,10,23,24 and ECG-based optimization (on the basis of QRS and AV intervals) 

was used in COMPANION and MADIT-CRT.25,26 It is interesting to note that studies using 

the ECG-guided approach to AV optimization in standard CRT patients found that CRT was 

associated with improved outcomes in long-PR patients. The RethinQ analysis included a 

very different population (ie, narrow-QRS patients) than in the current study (ie, wide-QRS 

patients) making comparisons difficult.8 CRT devices in the Mayo Clinic report were 

programmed with a fixed AV delay (100 ms sensed and 130 ms paced AV delays).12 Our 

study did not demonstrate that a prolonged PR interval was a marker of favorable outcomes 

in non-LBBB as was demonstrated in a retrospective analysis of the MADIT-CRT trial6; this 

discrepancy may reflect a difference between AV delay programming strategies used in 

MADIT-CRT versus the real world.

In contrast to our study, analyses of the COMPANION and CARE-HF studies demonstrated 

an independent association between a prolonged PR interval and worse outcomes among 

those without CRT. These differences may be related to (1) the absence of ICD therapy in 

COMPANION and CARE-HF subgroups and (2) more complete adjustment for baseline 

comorbidities associated with a prolonged PR interval in our study.

Although AV optimization is a physiologically plausible strategy for improving outcomes 

among patients with a prolonged PR interval, multiple randomized studies of AV 

optimization have failed to show efficacy.27–29 It is notable that these studies included 

patients with both long and short PR intervals and 2 studies27,29 included concomitant 

ventriculo-ventricular optimization and compared a device-based algorithm with 

echocardiogram-guided optimization (ie, both groups received AV optimizations). It is 

possible that AV optimization may provide benefit to at least some patients with a prolonged 

PR interval in comparison with no optimization; however, this needs to be proven by 

randomized clinical trials.
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Limitations

There are important limitations associated with this study. Treatment (CRT-D versus ICD) 

was not randomized and it is not known why certain CRT-eligible individuals did not receive 

CRT; although we used robust statistical methods to account for differences between groups, 

we cannot rule out the potential for residual confounding. Specifically, it is possible that 

receipt of an ICD rather than CRT could be related to provider inexperience or other factors 

associated with poor response to CRT. Adequate adjustment may also be affected by the 

limited data granularity associated with registry studies. However, the well-balanced 

characteristics among the treatment groups in the cohorts resulting from the inverse 

probability weighted estimator analyses and the lack of association between tested treatment 

groups and the falsification end points suggest that our adjustment techniques were 

adequate. NCDR ICD Registry data are obtained from individual sites and may be subject to 

inaccuracies that could affect our results; however, we note that a prior analysis suggested 

>90% accuracy for data fields.17 The study population included adults ≥65 years of age with 

fee-for-service Medicare, and therefore the results may not be generalizable to younger 

individuals or those with different insurance. Although HF hospitalization was defined using 

claims data and not blinded adjudication, a recent study demonstrated excellent agreement 

between Medicare claims and adjudicated HF hospitalizations.30 The spline function 

assessing the comparative effectiveness of CRT-D versus ICD could not be constructed using 

an IPW model because of the inability to achieve create balance among treatment groups, 

necessitating the use of a multivariable model that may be more prone to residual 

confounding; as such, although illustrative, this plot cannot be used to determine the correct 

threshold at which CRT-D may no longer demonstrate comparative effectiveness. We did not 

have data on many potentially important device-related parameters, including left ventricular 

lead position, long-term lead integrity, longitudinal medical therapy, arrhythmia burden, 

percent biventricular pacing, and a variety of programming parameters (at baseline or during 

follow-up). It is notable that we did not have information regarding the programmed sensed 

or paced AV delays or use of AV optimization that may be important modifying factors in 

the relationship between PR interval, CRT, and outcomes.

Clinical Implications and Future Directions

This study demonstrates that CRT patients with a prolonged PR interval are at increased risk 

for adverse outcomes. Patients with a prolonged PR interval may require special 

consideration (ie, individualized AV delay programming, possibly via AV optimization) to 

optimally correct AV dyssynchrony and reduce diastolic mitral regurgitation without 

impairing active ventricular filling (ie, A-wave truncation) in efforts to maximize CRT 

response. Although prior work has suggested that routine echocardiogram and ECG-guided 

AV optimization may not be a necessary strategy, in general, our current study suggests that 

further research on AV delay programming and AV optimization in patients with a prolonged 

PR interval is warranted. It is possible that, with optimal AV delay programming, CRT may 

have the capacity to significantly improve AV synchrony, diastolic filling, and CRT 

outcomes, among long-PR patients with a variety of QRS morphologies.

Friedman et al. Page 9

Circulation. Author manuscript; available in PMC 2017 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CONCLUSIONS

A PR≥230 ms is present in 15% of CRT-eligible patients and is associated with increased 

rates of HF hospitalization and death among CRT-D patients. The comparative effectiveness 

of CRT-D (versus ICD) appears to be significantly reduced among patients with a PR≥230 

ms. More research is needed to better understand the most favorable programming 

parameters and AV optimization strategies in CRT patients with a PR interval of ≥230 ms to 

improve the outcomes of these patients.
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Clinical Perspective

What Is New?

• The association between PR prolongation and outcomes among cardiac 

resynchronization therapy (CRT) patients is controversial because of multiple 

conflicting reports.

• This study represents the largest published study on the association between 

PR interval, CRT with defibrillator versus implantable cardioverter 

defibrillator, and outcomes, and reflects real-world (as opposed to clinical 

trial) outcomes.

• In this study, a PR≥230 ms was associated with increased rates of heart failure 

hospitalization or death among CRT with defibrillator but not implantable 

cardioverter defibrillator patients.

• The real-world comparative effectiveness of CRT with defibrillator (versus 

implantable cardioverter defibrillator) was significantly less among patients 

with a PR≥230 ms than among patients with a PR<230 ms.

What Are the Clinical Implications?

• These findings may be attributable to the association between a prolonged PR 

interval and factors associated with lower rates of CRT response (eg, non–left 

bundle-branch block morphology, ischemic heart disease, atrial arrhythmias) 

and the association between delayed atrioventricular conduction, disordered 

diastolic filling, and contemporary CRT programming strategies.

• Current real-world CRT strategies do not appear to be sufficient for patients 

with a prolonged PR interval.

• CRT patients with a prolonged PR interval are at high risk for poor outcomes 

and merit close follow-up and consideration of atrioventricular optimization.
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Figure 1. Heart failure hospitalization or death among patients stratified by device type and PR 
interval among the overall, lBBB, and non-lBBB populations
Cumulative incidence plots depicting rates of HF hospitalization or death among the entire 

population (A), non-LBBB patients (B), and LBBB patients (C), when stratified based on 

device type (CRT-D versus ICD) and PR interval (≥230 ms versus <230 ms). CRT indicates 

cardiac resynchronization therapy; CRT-D, CRT with defibrillator; HF, heart failure; ICD, 

implantable cardioverter defibrillator; and LBBB, left bundle-branch block.
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Figure 2. Comparative effectiveness of CRT-D versus ICD alone among patient subgroups 
defined by PR interval
The interaction P value was generated by combining the 3 PR-interval subgroups (with IPW) 

and running a model that included device type, PR interval (3-level categorical variable), and 

an interaction term for device type and PR interval. CRT-D indicates cardiac 

resynchronization therapy with defibrillator; HF, heart failure; ICD, implantable cardioverter 

defibrillator; and IPW, inverse probability weighted.
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Figure 3. Comparative effectiveness of CRT-D versus ICD across the continuous range of PR 
intervals
Restricted cubic spline function depicting the comparative effectiveness of CRT-D versus 

ICD across the continuous range of PR intervals for the primary end point of HF 

hospitalization or death. CRT indicates cardiac resynchronization therapy; CRT-D, CRT with 

defibrillator; HF, heart failure; and ICD, implantable cardioverter defibrillator.
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Table 1

Baseline Patient, hospital, Operator, and Procedure Characteristics

PR<230 ms
(n=22 416)

PR≥230 ms
(n=4035) P Value

Age, y 75.1 (6.0) 76.9 (6.2) <0.0001

Sex, n (%)

 Male 14 620 (65.2) 3329 (82.5) <0.0001

 Female 7796 (34.8) 706 (17.5)

Race, n (%)

 White non-Hispanic 19 503 (87.0) 3610 (89.5) <0.0001

 Black non-Hispanic 1572 (7.0) 244 (6.0)

 Hispanic 892 (4.0) 106 (2.6)

 Other 449 (2.0) 75 (1.9)

QRS duration, ms

 120–129 3134 (14.0) 504 (12.5) <0.0001

 130–139 3360 (15.0) 587 (14.5)

 140–149 4046 (18.0) 625 (15.5)

 150–159 4050 (18.1) 603 (14.9)

 160–169 3725 (16.6) 686 (17.0)

 ≥170 4101 (18.3) 1030 (25.5)

Intraventricular conduction, n (%)

 Non–left bundle-branch block 7031 (31.4) 1513 (37.5) <0.0001

 Left bundle-branch block 15 385 (68.6) 2522 (62.5)

Nonischemic cardiomyopathy

 Missing 18 (0.1) 8 (0.2) <0.0001

 No 14 396 (64.2) 2980 (73.9)

 Yes, within the past 9 mo 2539 (11.3) 291 (7.2)

 Yes, >9 mo 5463 (24.4) 756 (18.7)

Ischemic heart disease, n (%) 14 909 (66.5) 3034 (75.2) <0.0001

Atrial fibrillation/atrial flutter, n (%) 3871 (17.3) 1106 (27.4) <0.0001

Ventricular tachycardia, n (%) 3849 (17.2) 745 (18.5) 0.1006

Primary prevention 21 302 (95.0) 3839 (95.1) 0.7624

New York Heart Association class

 Missing 14 (0.1) 4 (0.1) 0.077

 I 1116 (5.0) 169 (4.2)

 II 5523 (24.6) 983 (24.4)

 III 15 164 (67.6) 2751 (68.2)

 IV 599 (2.7) 128 (3.2)

Previous percutaneous coronary intervention 7380 (32.9) 1388 (34.4) 0.1546

Previous coronary artery bypass grafting 8612 (38.4) 1999 (49.5) <0.0001
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PR<230 ms
(n=22 416)

PR≥230 ms
(n=4035) P Value

Diabetes mellitus 8323 (37.1) 1726 (42.8) <0.0001

Previous myocardial infarction 11 746 (52.4) 2395 (59.4) <0.0001

Chronic lung disease 5201 (23.2) 809 (20.0) <0.0001

Cerebrovascular disease 3302 (14.7) 706 (17.5) <0.0001

Cardiac arrest 452 (2.0) 73 (1.8) 0.4454

Hypertension 17 567 (78.4) 3213 (79.6) 0.1129

Syncope 2315 (10.3) 461 (11.4) 0.0324

Congestive heart failure duration

 Missing 25 (0.1) 6 (0.1) 0.0001

 No 2166 (9.7) 362 (9.0)

 <9 mo 5682 (25.3) 904 (22.4)

 >9 mo 14 543 (64.9) 2763 (68.5)

Ejection fraction, % 24.8 (6.3) 25.2 (6.1) <0.0001

Glomerular filtration rate

 Missing 94 (0.4) 14 (0.3) <0.0001

 >60 mL·min−1·1.73m2 9473 (42.3) 1426 (35.3)

 30–59 mL·min−1·1.73m2 10 782 (48.1) 2127 (52.7)

 15–29 mL·min−1·1.73m2 1386 (6.2) 328 (8.1)

 <15 mL·min−1·1.73 m2 including those on dialysis 681 (3.0) 140 (3.5)

Dialysis 581 (2.6) 129 (3.2) 0.0901

Blood urea nitrogen level, mg/dL

 Missing 126 (0.6) 22 (0.5) <0.0001

 ≤ 20 9642 (43.0) 1380 (34.2)

 20–40 10 498 (46.8) 2060 (51.1)

 >40 2150 (9.6) 573 (14.2)

Sodium level, mEq/L

 Missing 141 (0.6) 23 (0.6) 0.0641

 ≤135 2689 (12.0) 521 (12.9)

 135–145 19 327 (86.2) 3429 (85.0)

 >145 259 (1.2) 62 (1.5)

Systolic blood pressure, mm Hg

 Missing 88 (0.4) 17 (0.4) 0.284

 ≤ 100 1178 (5.3) 188 (4.7)

 100–130 9235 (41.2) 1635 (40.5)

 >130 11 915 (53.2) 2195 (54.4)

Cardiac resynchronization therapy 15 994 (71.4) 2906 (72.0) 0.3864

Angiotensin-converting enzyme inhibitor 13 765 (61.4) 2362 (58.5) 0.0006

Amiodarone 1751 (7.8) 574 (14.2) <0.0001
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PR<230 ms
(n=22 416)

PR≥230 ms
(n=4035) P Value

Hydralazine 820 (3.7) 194 (4.8) 0.0005

Angiotensin receptor blocker 4597 (20.5) 879 (21.8) 0.0654

Aspirin 16 373 (73.0) 2900 (71.9) 0.1238

β-Blocker 19 583 (87.4) 3471 (86.0) 0.0192

Warfarin 3636 (16.2) 978 (24.2) <0.0001

Digoxin 4729 (21.1) 1017 (25.2) <0.0001

Diuretic 15 122 (67.5) 2900 (71.9) <0.0001

Long-acting nitrate 2659 (11.9) 539 (13.4) 0.0073

Clopidogrel 5391 (24.0) 980 (24.3) 0.7451

Statin 15 348 (68.5) 2864 (71.0) 0.0015

Dementia 605 (2.7) 120 (3.0) 0.3246

Disability/frailty 1378 (6.1) 277 (6.9) 0.0832

Operator Training

 Unknown 4593 (20.5) 817 (20.2) 0.2905

 Board-certified EP/EP fellowship 14 143 (63.1) 2596 (64.3)

 Surgeon 194 (0.9) 38 (0.9)

 Other 3486 (15.6) 584 (14.5)

Operator cardiac resynchronization therapy volume, implants/y

 ≤ 20 12 439 (55.5) 2208 (54.7) 0.3648

 >20 9977 (44.5) 1827 (45.3)

Region

 Other 598 (2.7) 128 (3.2) 0.2015

 New England 982 (4.4) 180 (4.5)

 Atlantic 7528 (33.6) 1287 (31.9)

 Central 10 599 (47.3) 1936 (48.0)

 Mountain 932 (4.2) 167 (4.1)

 Pacific 1777 (7.9) 337 (8.4)

Teaching status

 Unknown 594 (2.6) 128 (3.2) 0.1194

 Council of teaching hospitals 6475 (28.9) 1112 (27.6)

 Teaching hospital 6276 (28.0) 1141 (28.3)

 Not teaching hospital 9071 (40.5) 1654 (41.0)

Center cardiac resynchronization therapy volume, implants/y

 ≤20 2179 (9.7) 343 (8.5) 0.0151

 >20 20 237 (90.3) 3692 (91.5)

Beds set up and staffed

 Unknown 594 (2.6) 128 (3.2) 0.0443

 ≤100 1185 (5.3) 221 (5.5)

 101–500 13 093 (58.4) 2404 (59.6)
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PR<230 ms
(n=22 416)

PR≥230 ms
(n=4035) P Value

 >500 7544 (33.7) 1282 (31.8)

Implant year

 2006 3926 (17.5) 741 (18.4) 0.0015

 2007 4299 (19.2) 871 (21.6)

 2008 4933 (22.0) 853 (21.1)

 2009 4863 (21.7) 832 (20.6)

 2010 4395 (19.6) 738 (18.3)

The values shown are n (%), unless stated otherwise. EP indicates electrophysiology.

Circulation. Author manuscript; available in PMC 2017 November 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Friedman et al. Page 22

Ta
b

le
 2

U
na

dj
us

te
d 

E
ve

nt
 R

at
es

 b
y 

PR
 I

nt
er

va
l A

ft
er

 S
tr

at
if

ic
at

io
n 

by
 D

ev
ic

e 
ty

pe

O
ut

co
m

e

IC
D

C
R

T-
D

P
R

<2
30

 m
s

P
R

≥2
30

 m
s

P
 V

al
ue

P
R

<2
30

 m
s

P
R

≥2
30

 m
s

P
 V

al
ue

H
ea

rt
 f

ai
lu

re
 h

os
pi

ta
liz

at
io

n 
or

 d
ea

th
, n

 (
%

)

 
1 

y
10

15
 (

15
.8

)
21

2 
(1

8.
8)

0.
01

08
27

09
 (

16
.9

)
64

5 
(2

2.
2)

<
0.

00
01

 
3 

y
20

83
 (

32
.4

)
44

1 
(3

9.
1)

<
0.

00
01

49
00

 (
30

.6
)

11
92

 (
41

.0
)

<
0.

00
01

 
5 

y
25

40
 (

39
.6

)
53

0 
(4

6.
9)

<
0.

00
01

57
27

 (
35

.8
)

13
65

 (
47

.0
)

<
0.

00
01

D
ea

th
, n

 (
%

)

 
1 

y
45

9 
(7

.1
)

93
 (

8.
2)

0.
20

34
12

62
 (

7.
9)

32
9 

(1
1.

3)
<

0.
00

01

 
3 

y
13

22
 (

20
.6

)
29

 1
(2

5.
8)

0.
00

03
31

37
 (

19
.6

)
76

1 
(2

6.
2)

<
0.

00
01

 
5 

y
17

87
 (

27
.8

)
39

8 
(3

5.
3)

<
0.

00
01

40
09

 (
25

.1
)

95
7 

(3
2.

9)
<

0.
00

01

H
ea

rt
 f

ai
lu

re
 h

os
pi

ta
liz

at
io

n,
 n

 (
%

)

 
1 

y
70

2 
(1

0.
9)

15
1 

(1
3.

4)
0.

01
05

19
03

 (
11

.9
)

43
2 

(1
4.

9)
<

0.
00

01

 
3 

y
12

81
 (

19
.9

)
28

2 
(2

5.
0)

0.
00

02
30

80
 (

19
.3

)
77

9 
(2

6.
8)

<
0.

00
01

 
5 

y
15

13
 (

23
.6

)
32

9 
(2

9.
1)

0.
00

01
34

66
 (

21
.7

)
86

6 
(2

9.
8)

<
0.

00
01

T
he

 lo
g 

ra
nk

 te
st

 w
as

 u
se

d 
fo

r 
he

ar
t f

ai
lu

re
 h

os
pi

ta
liz

at
io

n 
or

 d
ea

th
 a

nd
 d

ea
th

 e
nd

 p
oi

nt
s;

 th
e 

G
ra

y 
te

st
 w

as
 u

se
d 

fo
r 

th
e 

he
ar

t f
ai

lu
re

 h
os

pi
ta

liz
at

io
n 

en
d 

po
in

t.

C
R

T-
D

 in
di

ca
te

s 
ca

rd
ia

c 
re

sy
nc

hr
on

iz
at

io
n 

th
er

ap
y 

w
ith

 d
ef

ib
ri

lla
to

r;
 a

nd
 I

C
D

, i
m

pl
an

ta
bl

e 
ca

rd
io

ve
rt

er
 d

ef
ib

ri
lla

to
r.

Circulation. Author manuscript; available in PMC 2017 November 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Friedman et al. Page 23

Ta
b

le
 3

U
na

dj
us

te
d 

an
d 

A
dj

us
te

d 
A

na
ly

se
s 

C
om

pa
ri

ng
 th

e 
A

ss
oc

ia
tio

n 
B

et
w

ee
n 

PR
 I

nt
er

va
l ≥

23
0 

m
s 

V
er

su
s 

PR
 I

nt
er

va
l <

23
0 

m
s 

an
d 

O
ut

co
m

es
 in

 A
na

ly
se

s 

St
ra

tif
ie

d 
by

 D
ev

ic
e 

Ty
pe

IC
D

C
R

T-
D

P
in

te
ra

ct
io

n*

U
na

dj
us

te
d

A
dj

us
te

d 
by

 I
P

W
U

na
dj

us
te

d
A

dj
us

te
d 

by
 I

P
W

H
R

 o
r 

sH
R

95
%

 C
I

P
 V

al
ue

H
R

 o
r 

sH
R

95
%

 C
I

P
 V

al
ue

H
R

 o
r 

sH
R

95
%

 C
I

P
 V

al
ue

H
R

 o
r 

sH
R

95
%

 C
I

P
 V

al
ue

H
ea

rt
 f

ai
lu

re
 h

os
pi

ta
liz

at
io

n 

or
 d

ea
th

†
1.

24
2 

(1
.1

34
–1

.3
60

)
<

0.
00

01
1.

07
9 

(0
.9

68
–1

.2
01

)
0.

16
92

1.
42

3 
(1

.3
44

–1
.5

06
)

<
0.

00
01

1.
22

5 
(1

.1
41

–1
.3

14
)

<
0.

00
01

0.
04

3

D
ea

th
†

1.
29

0 
(1

.1
64

–1
.4

29
)

<
0.

00
01

1.
05

9 
(0

.9
38

–1
.1

95
)

0.
35

47
1.

37
7 

(1
.2

79
–1

.4
81

)
<

0.
00

01
1.

12
0 

(1
.0

25
–1

.2
24

)
0.

01
2

  0
.4

43
7

H
ea

rt
 f

ai
lu

re
 h

os
pi

ta
liz

at
io

n‡
1.

26
4 

(1
.1

16
–1

.4
31

)
  0

.0
00

2
1.

12
7 

(0
.9

78
–1

.2
99

)
0.

09
87

1.
41

3 
(1

.3
16

–1
.5

17
)

  0
.0

01
9

1.
27

9 
(1

.1
80

–1
.3

87
)

<
0.

00
01

0.
11

8

C
I 

in
di

ca
te

s 
co

nf
id

en
ce

 in
te

rv
al

; C
R

T-
D

, c
ar

di
ac

 r
es

yn
ch

ro
ni

za
tio

n 
th

er
ap

y 
w

ith
 d

ef
ib

ri
lla

to
r;

 H
R

, h
az

ar
d 

ra
tio

; I
C

D
, i

m
pl

an
ta

bl
e 

ca
rd

io
ve

rt
er

 d
ef

ib
ri

lla
to

r;
 I

PW
, i

nv
er

se
 p

ro
ba

bi
lit

y 
w

ei
gh

te
d;

 a
nd

 s
H

R
, 

su
bd

is
tr

ib
ut

io
n 

ha
za

rd
 r

at
io

.

* Fo
r 

de
vi

ce
 ty

pe
 (

C
R

T-
D

 v
er

su
s 

IC
D

),
 P

R
 in

te
rv

al
 (

≥2
30

 m
s 

ve
rs

us
 <

23
0m

s)
, a

nd
 o

ut
co

m
e.

† H
az

ar
d 

ra
tio

.

‡ Su
bd

is
tr

ib
ut

io
n 

ha
za

rd
 r

at
io

.

Circulation. Author manuscript; available in PMC 2017 November 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Friedman et al. Page 24

Ta
b

le
 4

A
ss

oc
ia

tio
n 

B
et

w
ee

n 
C

R
T-

D
 V

er
su

s 
IC

D
 a

nd
 O

ut
co

m
es

 A
m

on
g 

A
ll 

Pa
tie

nt
s 

an
d 

A
m

on
g 

Su
bg

ro
up

s 
W

he
n 

St
ra

tif
ie

d 
by

 P
R

 I
nt

er
va

l a
nd

 Q
R

S 

C
ha

ra
ct

er
is

tic
s

G
ro

up
O

ut
co

m
e

P
R

<2
30

 m
s

P
R

≥2
30

 m
s

P
in

te
ra

ct
io

n

U
na

dj
us

te
d

A
dj

us
te

d 
by

 I
P

W
U

na
dj

us
te

d
A

dj
us

te
d 

by
 I

P
W

H
R

/s
H

R
 9

5%
 C

I
P

 V
al

ue
H

R
/s

H
R

 9
5%

 C
I

P
 V

al
ue

H
R

/s
H

R
 9

5%
 C

I
P

 V
al

ue
H

R
/s

H
R

 9
5%

 C
I

P
 V

al
ue

A
ll 

pa
tie

nt
s

H
F 

ho
sp

ita
liz

at
io

n 
or

 d
ea

th
0.

96
5 

(0
.9

18
–1

.0
14

)
0.

16
0.

78
9 

(0
.7

34
–0

.8
49

)
<

0.
00

01
1.

11
0 

(1
.0

08
–1

.2
22

)
0.

03
47

1.
01

0 
(0

.8
70

–1
.1

73
)

0.
90

0.
00

25

D
ea

th
0.

97
9 

(0
.9

23
–1

.0
39

)
0.

49
0.

80
3 

(0
.7

38
–0

.8
75

)
<

0.
00

01
1.

04
7 

(0
.9

34
–1

.1
73

)
0.

43
0.

92
2 

(0
.7

82
–1

.0
87

)
0.

33
0.

13

H
F 

ho
sp

ita
liz

at
io

n
0.

96
9 

(0
.9

08
–1

.0
33

)
0.

33
0.

79
4 

(0
.7

23
–0

.8
71

)
<

0.
00

01
1.

09
3 

(0
.9

62
–1

.2
42

)
0.

17
1.

03
3 

(0
.8

54
–1

.2
48

)
0.

74
0.

01

N
on

 L
B

B
B

H
F 

ho
sp

ita
liz

at
io

n 
or

 d
ea

th
1.

30
5 

(1
.2

19
–1

.3
96

)
<

0.
00

01
0.

92
4 

(0
.8

26
–1

.0
34

)
0.

17
1.

37
4 

(1
.1

95
–1

.5
79

)
<

0.
00

01
1.

06
1 

(0
.8

32
–1

.3
52

)
0.

63
0.

30

D
ea

th
1.

22
5 

(1
.1

29
–1

.3
30

)
<

0.
00

01
0.

85
1 

(0
.7

50
–0

.9
66

)
0.

01
28

1.
23

7 
(1

.0
51

–1
.4

56
)

0.
01

06
0.

89
6 

(0
.6

86
–1

.1
71

)
0.

42
0.

73

H
F 

ho
sp

ita
liz

at
io

n
1.

35
2 

(1
.2

40
–1

.4
75

)
<

0.
00

01
1.

03
5 

(0
.9

05
–1

.1
84

)
0.

62
1.

34
4 

(1
.1

16
–1

.6
18

)
0.

00
18

1.
13

5 
(0

.8
54

–1
.5

10
)

0.
38

0.
57

L
B

B
B

H
F 

ho
sp

ita
liz

at
io

n 
or

 d
ea

th
0.

90
7 

(0
.8

47
–0

.9
70

)
0.

00
48

0.
71

7 
(0

.6
52

–0
.7

88
)

<
0.

00
01

1.
03

4 
(0

.8
98

–1
.1

92
)

0.
64

1.
04

7 
(0

.8
35

–1
.3

13
)

0.
69

0.
00

15

D
ea

th
0.

96
5 

(0
.8

88
–1

.0
50

)
0.

41
0.

76
4 

(0
.6

84
–0

.8
53

)
<

0.
00

01
1.

01
9 

(0
.8

62
–1

.2
03

)
0.

83
0.

96
8 

(0
.7

54
–1

.2
44

)
0.

80
0.

08

H
F 

ho
sp

ita
liz

at
io

n
0.

87
7 

(0
.8

05
–0

.9
56

)
0.

00
28

0.
68

5 
(0

.6
05

–0
.7

76
)

<
0.

00
01

1.
00

7 
(0

.8
41

–1
.2

07
)

0.
94

1.
02

2 
(0

.7
85

–1
.3

31
)

0.
87

0.
00

48

C
I 

in
di

ca
te

s 
co

nf
id

en
ce

 in
te

rv
al

; C
R

T-
D

, c
ar

di
ac

 r
es

yn
ch

ro
ni

za
tio

n 
th

er
ap

y 
w

ith
 d

ef
ib

ri
lla

to
r;

 H
F,

 h
ea

rt
 f

ai
lu

re
; H

R
, h

az
ar

d 
ra

tio
; I

C
D

, i
m

pl
an

ta
bl

e 
ca

rd
io

ve
rt

er
 d

ef
ib

ri
lla

to
r;

 I
PW

, i
nv

er
se

 p
ro

ba
bi

lit
y 

w
ei

gh
te

d;
 L

B
B

B
, l

ef
t b

un
dl

e-
br

an
ch

 b
lo

ck
; a

nd
 s

H
R

, s
ub

di
st

ri
bu

tio
n 

ha
za

rd
 r

at
io

.

Circulation. Author manuscript; available in PMC 2017 November 22.


	Abstract
	METHODS
	Data sources
	National Cardiovascular Data Registry ICD Registry

	Medicare Database
	Study Population
	Patient Characteristics
	Treatment
	Outcomes
	Statistical Analysis

	RESULTS
	DISCUSSION
	Limitations
	Clinical Implications and Future Directions

	CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Table 3
	Table 4

