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Abstract

Background: In patients with sarcoidosis, right ventricular (RV) abnormalities have been 

described on many imaging modalities. On cardiovascular magnetic resonance (CMR), RV 

abnormalities include RV systolic dysfunction quantified as an abnormal RV ejection fraction 

(RVEF), and RV late gadolinium enhancement (LGE).

Objectives: We aimed to determine the prevalence on CMR of RV systolic dysfunction and 

RV LGE, their determinants, and their impact on long-term adverse outcomes in patients with 

sarcoidosis.

Methods: We studied consecutive patients with biopsy-proven sarcoidosis who underwent CMR 

for suspected cardiac involvement. They were followed for two endpoints: all-cause death, and a 

composite arrhythmic endpoint of sudden cardiac death or significant ventricular arrhythmia.

Results: Among 290 patients, RV systolic dysfunction (RVEF <40% in men and <45% in 

women) and RV LGE were present in 35 (12.1%) and 16 (5.5%) respectively. The median 

follow-up time was 3.2 years (interquartile range 1.6 to 5.7 years) for all-cause death and 3.0 years 

(interquartile range 1.4 to 5.5 years) for the arrhythmic endpoint. On Cox proportional hazards 
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regression multivariable analyses, only RVEF was independently associated with all-cause death 

(HR 1.05 for every 1% decrease; 95% CI 1.01–1.09; p=0.022) after adjustment for LVEF, LV LGE 

extent, and the presence of RV LGE. RVEF was not associated with the arrhythmic endpoint (HR 

1.01; 95% CI 0.96–1.06; p=0.67). Conversely, RV LGE was not associated with all-cause death 

(HR 2.78; 95% CI 0.36–21.66; p=0.33), while it was independently associated with the arrhythmic 

endpoint (HR 5.43; 95% CI 1.25–23.47; p=0.024).

Conclusions: In our study of patients with sarcoidosis, RV systolic dysfunction and RV LGE 

had distinct prognostic associations; RV systolic dysfunction but not RV LGE was independently 

associated with all-cause death, while RV LGE but not RV systolic dysfunction was independently 

associated with sudden cardiac death or significant ventricular arrhythmia. Our findings may 

indicate distinct implications for the management of RV abnormalities in sarcoidosis.
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INTRODUCTION

Sarcoidosis is a multisystem, granulomatous disorder of unknown etiology (1). It has 

heterogeneous manifestations and clinical outcomes, varying partly based on which organs 

are involved (2). Right ventricular (RV) involvement has been described in sarcoidosis 

since the late 1970s on thallium scintigraphy (3–6), echocardiography (4,7), invasive 

hemodynamic testing (7), and more recently on echocardiographic strain imaging (8,9), 
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cardiovascular magnetic resonance imaging (CMR) (10–13), and 18F-fluorodeoxyglucose 

positron emission tomography (14–17).

RV abnormalities that have been described on CMR in patients with sarcoidosis include 

RV systolic dysfunction on cine CMR (11,12), and RV late gadolinium enhancement (LGE) 

on LGE CMR (10,13). The prevalence, correlates, and prognostic significance of these 

two abnormalities in relation to each other have not been studied. This knowledge has the 

potential to guide clinical decision-making and to contribute to improved outcomes. We 

hypothesized that RV systolic dysfunction and RV LGE are both independently associated 

with long-term adverse outcomes in patients with sarcoidosis.

We aimed to determine the prevalence of RV systolic dysfunction and RV LGE on CMR, 

their determinants, and their impact on long-term adverse outcomes, using a large cohort of 

patients with sarcoidosis.

METHODS

Patients and data collection

We included consecutive patients with biopsy-proven (extra-cardiac and/or cardiac) 

sarcoidosis who had CMR with late gadolinium enhancement (LGE) imaging for the 

evaluation of suspected cardiac sarcoidosis at the University of Minnesota. Study patients 

were identified from the University of Minnesota’s Cardiovascular Magnetic Resonance 

Registry (18–23).

Demographic data, medical history, co-morbidities, medications, and outcome data were 

collected blinded to CMR data. This retrospective cohort study was approved by the 

University of Minnesota’s Institutional Review Board with a waiver of informed consent.

CMR protocol

CMR was performed on clinical 1.5T scanners (Siemens Avanto or Siemens Aera, Malvern, 

Pennsylvania) using phased-array receiver coils according to standard recommendations 

(24). All CMRs were done using a standard CMR protocol consisting of: 1) localizers to 

identify the cardiac position, 2) cine CMR for anatomical and functional assessment using a 

steady-state free precession sequence (typical repetition time of 3.0 to 3.5 ms; echo time of 

1.2 to 1.5 ms; in-plane spatial resolution of 1.8 mm x 1.4 mm; temporal resolution of 35 to 

40 ms) in short-axis (every 10 mm to cover the entire LV from the mitral valve plane through 

the apex), and three (2-, 3-, and 4-chamber) long-axis views, and 3) LGE CMR for tissue 

characterization performed 10 to 15 min after gadolinium contrast administration, using 

a two-dimensional segmented inversion-recovery sequence (set to null viable myocardium 

using an inversion time of 250 to 350 ms; in-plane spatial resolution of 1.8 mm x 1.5 mm; 

temporal resolution of 180 to 200 ms; slice thickness of 6 mm), in identical views as the cine 

CMR images.
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CMR analyses

CMR analyses were performed by the consensus of two investigators with expertise in 

CMR, blinded to clinical information. LV and RV ejection fractions (LVEFs and RVEFs) 

were determined by quantitative analysis according to standard recommendations (25). LV 

and RV volumes were quantified by planimetry of the end-diastolic and -systolic endocardial 

borders on short-axis cine CMR images acquired from base to apex, which were used 

to calculate the respective end-diastolic and -systolic volumes. EFs were obtained by 

subtracting the end-systolic volumes from the end-diastolic volumes and dividing the result 

by the end-diastolic volumes. Normal ranges from the UK Biobank population cohort were 

used to classify LVEFs and RVEFs as normal or abnormal (26). LGE was identified visually 

in both ventricles. In patients with LV LGE, the extent was quantified using the signal 

threshold versus reference myocardium approach (27). In the first step, the endocardial 

and epicardial borders were traced and a reference region of interest was placed over the 

largest contiguous portion of homogeneously nulled (i.e., normal) myocardium. Next, a 

signal threshold of >5 standard deviations (SD) above the mean signal of the reference 

myocardium was applied to derive the total LGE mass, which was then divided by total LV 

mass to obtain LV LGE extent as a percentage. The >5SD threshold was chosen because it is 

the best predictor of cardiovascular events in non-ischemic cardiomyopathy when compared 

to expert visual scoring and the >2SD and >3SD thresholds (28). RV LGE was defined as 

RV free wall LGE. The extent of RV LGE was not quantified since quantification of the RV 

mass has been noted to have high variability (29).

Clinical follow-up and endpoints

Follow-up data were collected through a review of electronic medical records from all 

hospitals and clinics within the University of Minnesota Health system. Two endpoints 

were studied. The first endpoint was all-cause death. Mortality status and death dates 

were obtained from the electronic medical records and the Minnesota State Department 

of Health’s Office of Vital Records. For patients who died outside the hospital, death 

certificates were reviewed to determine the cause of death.

The second endpoint was a composite arrhythmic endpoint consisting of sudden 

cardiac death, resuscitated cardiac arrest with documented ventricular tachycardia, or 

significant ventricular arrhythmia, including sustained ventricular tachycardia (duration >30 

seconds) and appropriate implantable cardioverter-defibrillator (ICD) therapy (shock or anti-

tachycardia pacing). Sudden cardiac death was defined according to the 2017 Cardiovascular 

and Stroke Endpoint Definitions for Clinical Trials (30). The appropriateness of ICD 

therapies was adjudicated by board-certified cardiac electrophysiologists as part of the 

patients’ clinical care using intracardiac electrograms recorded by the ICD, and based on 

tachycardia rate, onset, stability, atrioventricular association, and the QRS morphology.

Statistical analyses

Statistical analyses were performed using the statistical environment R (RStudio version 

1.2, Boston, Massachusetts). Normally distributed continuous variables were expressed 

as mean ± SD, and non-normally distributed continuous variables were presented as 

medians with interquartile range (IQR). Categorical variables were expressed as counts with 
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percentages. Comparisons between groups were performed with a 2-sample Student t test 

for continuous, normally distributed variables, and Wilcoxon rank-sum test for continuous, 

non-normally distributed data. Chi-square tests were used to compare discrete data between 

groups; in those cases where the expected cell count was <5, Fisher exact test was used. 

The cumulative incidence of the study endpoints was estimated using the Kaplan-Meier 

method, and hazard ratios (HR) were calculated using Cox proportional hazards regression 

and presented with their associated 95% confidence intervals (CIs). After fitting the Cox 

regression models, the proportional hazards assumption was tested by analysis of Schoenfeld 

residuals for the global test and scaled Schoenfeld residuals for the individual covariates. 

The incremental prognostic value of the variable of interest (RVEF or RV LGE) was 

evaluated by comparing the final models with those in which the variable of interest was 

not included, using the likelihood ratio chi-square test. All statistical comparisons were 

two-tailed, and a p value of <0.05 was considered statistically significant.

RESULTS

Patient characteristics

Two hundred and ninety consecutive patients with biopsy-proven sarcoidosis were included 

in the study. Demographic, clinical and CMR characteristics are provided in Tables 1 and 

2. Of the 290 patients, 284 (98%) had biopsy-proven extra-cardiac sarcoidosis including 

2 with concomitant biopsy-proven cardiac sarcoidosis, while 6 had biopsy-proven cardiac 

sarcoidosis without clinical findings characteristic of sarcoidosis in any other organ. Forty-

nine percent were women and 80% were White. Ninety percent had pulmonary sarcoidosis 

and 17% had pulmonary hypertension (PH). On CMR, the median LVEF was 57% and the 

median RVEF was 53%. Thirty percent had LGE with a mean LGE extent of 2.1% of the LV 

myocardial mass.

Prevalence and correlates of RV systolic dysfunction

RV systolic dysfunction defined as an abnormal RVEF of <40% in men and <45% in 

women (26) was present in 35 (12.1%) patients. Compared with patients with normal RVEF, 

those with abnormal RVEF had a lower prevalence of pulmonary sarcoidosis but had worse 

pulmonary function on all tests (forced vital capacity, forced expiratory volume in 1s, and 

diffusing capacity of lungs for carbon monoxide), suggestive of more extensive pulmonary 

parenchymal disease. They had a higher rate of PH, with a prevalence of 40%, and higher 

rates of coronary artery disease and heart failure symptoms. Arrhythmic manifestations 

such as pre-syncope, syncope, ventricular arrhythmias, and atrioventricular block were 

not significantly different between patients with normal RVEFs and those with abnormal 

RVEFs.

Prevalence and correlates of RV LGE

RV LGE was present in 16 (5.5%) patients. Compared with patients without RV LGE, 

those with RV LGE had a lower prevalence of pulmonary sarcoidosis but not significantly 

different pulmonary function. The rates of PH, coronary artery disease, and heart failure 

symptoms were also not significantly different. However, patients with RV LGE had 

significantly higher rates of arrhythmic manifestations such as pre-syncope, syncope, 
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ventricular arrhythmias, and atrioventricular block. All patients with RV LGE also had LV 

LGE.

Clinical management and outcomes

During follow up, over half the patients received steroids, of which 18% received 

them for suspected cardiac sarcoidosis. Thirty-nine percent received non-steroidal immune-

modulatory agents, of which, 13% received them for suspected cardiac sarcoidosis. Thirteen 

percent had ICDs implanted. Two had left ventricular assist devices implanted while three 

underwent cardiac transplantation (Table 3).

The median follow-up time was 3.2 years (IQR 1.6 to 5.7 years) for all-cause death and 

3.0 years (IQR 1.4 to 5.5 years) for the arrhythmic endpoint. There was a total of 1,063 

patient-years of follow-up for all-cause death and 1,019 patient-years for the arrhythmic 

endpoint. No patients were lost to follow-up. Forty-two (14.5%) patients died. Of these 

deaths, 15 were primarily attributed to respiratory failure or sepsis of pulmonary origin, one 

to severe PH, three to cardiac sarcoidosis (two heart failure deaths and one sudden cardiac 

death), four to coronary artery disease, and 12 to non-cardiac, non-pulmonary causes; the 

causes of death for seven could not be ascertained. Eighteen (6.2%) patients reached the 

arrhythmic endpoint (one sudden cardiac death and 17 significant ventricular arrhythmias). 

Three patients underwent orthotopic heart transplantation and were censored at the time of 

their transplantation.

Associations of RV systolic dysfunction with clinical outcomes

On Kaplan-Meier analyses, the cumulative incidence of all-cause death was significantly 

higher in patients with abnormal RVEF compared with those with normal RVEF (p<0.001) 

(Figure 1 Panel A). The cumulative incidence of the arrhythmic endpoint was also 

significantly higher (p<0.001) (Figure 1 Panel B).

On Cox proportional hazards regression analyses, RVEF was associated on univariable 

analyses with both all-cause death and the arrhythmic endpoint (Table 4). On multivariable 

analysis, RVEF was the only variable independently associated with all-cause death after 

adjustment for LVEF, LV LGE extent, and RV LGE. For every 1% decrease in RVEF, the 

risk of all-cause death increased by 5% (HR 1.05; 95% CI 1.01–1.09; p = 0.022]. However, 

RVEF was not independently associated with the arrhythmic endpoint (HR 1.01; 95% CI 

0.96–1.06; p = 0.67) (Table 5).

The proportional hazards assumption was valid for all covariates individually and the model 

overall for both multivariable models; the p values for the global test were 0.96 and 0.67 for 

the all-cause death and arrhythmic endpoint models respectively.

The addition of RVEF to a Cox model that included LVEF, LV LGE extent, and RV LGE 

resulted in a significantly improved model fit as assessed by the likelihood ratio test (p = 

0.023), suggesting an incremental prognostic value of RVEF for all-cause death.
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Associations of RV LGE with clinical outcomes

On Kaplan-Meier analyses, the cumulative incidence of all-cause death was not different in 

patients with RV LGE compared with those without RV LGE (p = 0.95) (Figure 2 Panel A). 

Conversely, the cumulative incidence of the arrhythmic endpoint was significantly higher 

(p<0.001) (Figure 2 Panel B).

On Cox proportional hazards regression analyses, RV LGE was not associated on 

univariable analyses with all-cause death, but it was associated with the arrhythmic endpoint 

(Table 4). Similarly, on multivariable analysis, RV LGE was not associated with all-cause 

death (HR 2.78; 95% CI 0.36–21.66; p = 0.33), while it was independently associated with 

the arrhythmic endpoint (HR 5.43; 95% CI 1.25–23.47; p = 0.024) after adjustment for 

LVEF, RVEF, and LV LGE extent (Table 5).

The addition of RV LGE to a Cox model that included LVEF, RVEF, and LV LGE extent, 

resulted in a significantly improved model fit as assessed by the likelihood ratio test (p = 

0.019), suggesting an incremental prognostic value of RV LGE for the arrhythmic endpoint.

DISCUSSION

In a large cohort of patients with sarcoidosis who underwent CMR, we found that RV 

systolic dysfunction and RV LGE were present in 12.1% and 5.5% respectively, and they 

may have distinct prognostic implications with respect to all-cause death and ventricular 

arrhythmias.

Causes of RV systolic dysfunction in patients with sarcoidosis

Broadly, RV systolic dysfunction could be a consequence of an RV cardiomyopathy 

(primary) or RV pressure overload (secondary) (31). In patients with sarcoidosis, primary 

RV involvement can occur due to cardiac sarcoidosis and can manifest on CMR as both 

RV systolic dysfunction and RV LGE. Thus, the presence of RV LGE identifies a primary 

RV cardiomyopathy due to cardiac sarcoidosis. Secondary RV involvement can occur due 

to sarcoidosis-associated PH, which is thought to be multifactorial and potentially fit all 

five classes of the accepted World Health Organization classification of PH (32), despite its 

official classification as Group 5 (33).

The most common cause of sarcoidosis-associated PH is likely advanced pulmonary 

parenchymal fibrosis from pulmonary sarcoidosis, resulting in hypoxia (34) (Group 3). 

Sarcoidosis-associated PH could occur due to cardiac sarcoidosis involving the LV resulting 

in increased LV end-diastolic, pulmonary venous, and eventually, pulmonary arterial 

pressures (Group 2). Pulmonary veno-occlusive disease could occur in sarcoidosis and lead 

to PH (35–37) (Group 4). Pulmonary artery vasculitis is possible in sarcoidosis due to 

granulomatous involvement of the pulmonary vasculature (38) (Group 1). Another possible 

Group 1 cause of sarcoidosis-related PH is liver failure due to granulomatous involvement 

of the liver, resulting in portal and subsequently, portopulmonary hypertension (39). Lastly, 

sarcoidosis-related PH could also occur from extrinsic pulmonary arterial compression by 

lymphadenopathy (37). Independent of PH, cardiac sarcoidosis involving the LV, particularly 

the septum, could result in systolic ventricular interdependence and up to 40% reduction 
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in RV systolic pressure and volume outflow (40). Similarly, LV pressure or volume 

overload from cardiac sarcoidosis could result in diastolic ventricular interdependence, and 

consequently, RV systolic dysfunction (41).

We found a higher prevalence of pulmonary parenchymal dysfunction, PH, coronary artery 

disease, and concomitant RV LGE in patients with RV systolic dysfunction. Among 

the various causes for RV systolic dysfunction, secondary involvement from sarcoidosis-

associated PH appears to be more frequent than primary RV involvement from cardiac 

sarcoidosis since RV LGE was present in only a quarter of patients with RV systolic 

dysfunction.

The greater contribution of sarcoidosis-associated PH to RV systolic dysfunction may 

explain the prognostic associations; sarcoidosis-associated PH is independently associated 

with increased mortality (42–44). In a study of 130 sarcoidosis patients with persistent 

dyspnea despite immunosuppressive therapy, those with PH and LV dysfunction – defined as 

a pulmonary arterial wedge pressure of ≥15 mm Hg – had an increased mortality compared 

with those without PH, but those with PH in the absence of LV dysfunction had an even 

higher mortality (43). This suggests a greater contribution of non-LV causes of sarcoidosis-

associated PH to mortality compared with the LV-related causes described above.

In contrast, RV LGE has exclusively been described as a manifestation of cardiac sarcoidosis 

directly involving the RV free wall (10,13), always accompanying LV LGE related to cardiac 

sarcoidosis (10). We found a higher prevalence of arrhythmic manifestations of cardiac 

sarcoidosis, but not pulmonary parenchymal dysfunction, PH, or coronary artery disease in 

patients with RV LGE compared with those without RV LGE.

In a recent study of gross pathological findings in patients with histologically diagnosed 

cardiac sarcoidosis that had died from cardiac sarcoidosis or undergone cardiac 

transplantation, RV involvement was seen in 90.7% of cases (45). Supporting these data, 

patients with RV LGE in our study had a higher risk for events associated with cardiac 

sarcoidosis: sudden cardiac death or significant ventricular arrhythmia.

Clinical implications

In patients with sarcoidosis and RV systolic dysfunction on CMR, hemodynamic evaluation 

by right heart catheterization may be considered if not previously done. This can not 

only identify sarcoidosis-associated PH but also provide insights into the contribution 

of the LV-related causes (43). After a diagnosis of sarcoidosis-associated PH is made, 

treatment options include immunosuppressive medications for the underlying sarcoidosis 

and PH-directed therapies such as endothelial receptor antagonists or phosphodiesterase-5 

inhibitors (46). Studies of PH-directed therapies in sarcoidosis have shown improvements in 

pulmonary hemodynamics (46–50). Identification of sarcoidosis-associated PH due to non-

LV causes could trigger consideration of lung transplantation before deterioration beyond 

the eligibility criteria for transplantation. Similarly, identification of LV causes of PH with 

LV systolic dysfunction, such as cardiac sarcoidosis and ischemic cardiomyopathy, could 

prompt consideration of combined heart-lung transplantation.
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In patients with RV LGE, an implantable cardioverter-defibrillator may be considered if 

not already implanted. RV LGE is always accompanied by LV LGE as noted in all 13 

patients with RV LGE in the study by Crawford et al. (10) and all 16 patients in our 

study. Additionally, RV LGE was also associated with a significantly larger LV LGE 

extent compared with those without RV LGE in the study by Crawford et al. (10) and 

the current study. In the 2017 American Heart Association/American College of Cardiology/

Heart Rhythm Society Guideline for Management of Patients with Ventricular Arrhythmias 

and the Prevention of Sudden Cardiac Death, extensive LGE is a criterion for a Class IIa 

recommendation for ICD implantation to prevent sudden cardiac death in patients with 

LVEF >35% (21,51). While extensive LGE is not defined in the Guideline, our findings 

suggest that the presence of RV LGE could be used as a marker of extensive LGE to meet 

the recommendation for ICD implantation.

Limitations

Our study was limited by its retrospective cohort study design and modest number of 

outcomes. Our cohort consists of sarcoidosis patients seen at a tertiary care academic 

medical center who underwent CMR for evaluation of known or suspected cardiac 

sarcoidosis. Thus, our findings may not be generalizable to all-comers with sarcoidosis. 

Eighty percent of our cohort is White. Because of the modest number of outcomes, we could 

not adjust for possible clinical predictors of the outcomes in the multivariable models. Our 

follow up duration is limited. Thus, our findings need replication in a larger, multicenter, 

more racially diverse cohort with longer follow up.

CONCLUSIONS

In a large cohort of sarcoidosis patients that had CMR for known or suspected cardiac 

sarcoidosis, RV systolic dysfunction and RV LGE were present in 12.1% and 5.5% 

respectively. At a median follow-up of 3.2 years for all-cause death and 3.0 years for the 

arrhythmic endpoint, RV systolic dysfunction but not RV LGE was independently associated 

with all-cause death, while RV LGE but not RV systolic dysfunction was independently 

associated with sudden cardiac death or significant ventricular arrhythmia (Central figure). 

These findings may indicate distinct implications for the management of patients with 

sarcoidosis and RV abnormalities.

COMPETENCY IN PATIENT CARE:

RV systolic dysfunction on CMR may prompt evaluation for and management of 

sarcoidosis-associated PH, while RV LGE may prompt consideration of ICD implantation 

for prevention of sudden cardiac death.

TRANSLATIONAL OUTLOOK:

Future studies are needed to replicate our findings in a larger, multicenter, more racially 

diverse cohort with longer follow-up, and to investigate whether interventions guided by 

CMR findings of RV systolic dysfunction and RV LGE improve patient outcomes.
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CI confidence interval

CMR cardiovascular magnetic resonance

EF ejection fraction

HR hazard ratio

ICD implantable cardioverter defibrillator

IQR interquartile range

LGE late gadolinium enhancement

LV left ventricle

LVAD left ventricular assist device

OHT orthotopic heart transplantation

PH pulmonary hypertension

RV right ventricle

SCD sudden cardiac death

SD standard deviation
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Figure 1. Kaplan-Meier analyses for the study endpoints for RV systolic dysfunction on CMR.
Panel A shows the cumulative incidence of all-cause death for patients with abnormal 

RVEF (red line) versus those with normal RVEF (blue line). Panel B shows the cumulative 

incidence of the arrhythmic endpoint for patients with abnormal RVEF (red line) versus 

those with normal RVEF (blue line). Each vertical tick on the curves displays a censored 

patient. See the text for further details.
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Figure 2. Kaplan-Meier analyses for the study endpoints for RV LGE on CMR.
Panel A shows the cumulative incidence of all-cause death for patients with RV LGE (red 

line) versus those with no RV LGE (blue line). Panel B shows the cumulative incidence of 

the arrhythmic endpoint for patients with RV LGE (red line) versus those with no RV LGE 

(blue line). Each vertical tick on the curves displays a censored patient. See the text for 

further details.
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Central figure. The prevalence and prognostic significance of RV abnormalities on CMR in 
patients with sarcoidosis.
See the text for further details.
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