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BACKGROUND Risk assessment in cardiac sarcoidosis remains challenging.

OBJECTIVES This study explored the prognostic value of myocardial late gadolinium enhancement (LGE) in sarcoidosis

patients.

METHODS The study cohort included 324 patients with biopsy-proven sarcoidosis. LGE extent, pattern, and location

were analyzed. The primary endpoint was ventricular tachycardia (VT) or ventricular fibrillation (VF) or appropriate device

therapy. Secondary endpoints were hospitalization for heart failure (HF) or heart transplantation (HTx) and all-cause

mortality.

RESULTS Over a 4.6-year follow-up, 30 patients (9.3%) reached the primary endpoint. HF/HTx occurred in 15 patients

(4.6%) and all-cause mortality in 41 (12.7%). LGE extent was independently predictive of the primary endpoint (per SD

change: HR: 1.03 [95% CI: 1.00-1.06]; P¼ 0.047), but not of HF/HTx (P¼ 0.30) or all-cause mortality (P¼ 0.50). Further

to LGE extent, LGE on the right ventricular (RV) septum (HR: 5.43 [95% CI: 2.61-11.30]; P< 0.001), RV free wall (HR: 4.30

[95% CI: 1.99-9.27]; P< 0.001), andmultifocal LGE (HR: 4.62 [95% CI: 2.19-9.72]; P<0.001) were strongly predictive of

the arrhythmia endpoint. Based on these findings, we propose an algorithm that identifies 4 patient subgroups and

stratifies well the arrhythmia risk in biopsy-proven sarcoidosis patients (cumulative event rates: 1%, 11%, 23%, and 44%,

respectively; chi-square ¼ 44.7; P ¼ 1.084 � 10�9). Compared with the Heart Rhythm Society classification system, this

approach significantly enhanced model performance (chi-square ¼ 8.02; P ¼ 0.046) and risk discrimination

(DAUC ¼ 0.082; P ¼ 0.019), and reclassified 43% of the population (9% to higher and 34% to lower risk categories).

CONCLUSIONS The authors propose a new risk stratification approach based on LGE features for assessing the risk

of life-threatening ventricular arrhythmias in patients with biopsy-proven sarcoidosis. (JACC Cardiovasc Imaging.
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AB BR E V I A T I O N S

AND ACRONYM S

CMR = cardiac magnetic

resonance

CS = cardiac sarcoidosis

LGE = late gadolinium

enhancement

HF = heart failure

HTx = heart transplantation

ICD = implantable

cardioverter-defibrillator

LV = left ventricular

LVEF = left ventricular

ejection fraction

PET = positron emission

tomography

RV = right ventricular

SCD = sudden cardiac death

VF = ventricular fibrillation

VT = ventricular tachycardia
C ardiac sarcoidosis (CS) is an inflammatory
condition of unknown etiology associated
with life-threatening ventricular arrhyth-

mias, conduction abnormalities, heart failure, and
sudden cardiac death (SCD).1 Non-necrotizing granu-
lomatous inflammation is the histologic hallmark in
CS, but the diagnosis can sometimes be challenging
in the absence of biopsy confirmation.2 Furthermore,
the prognosis is not well defined clinically, and signif-
icant uncertainties remain in the clinical manage-
ment of patients with CS.

Previous studies have demonstrated that cardiac
magnetic resonance (CMR) is the most valuable
modality not only for diagnosis, but also for risk
assessment in CS.3 The presence of myocardial
fibrosis, as detected by late gadolinium enhance-
ment (LGE) has been associated with adverse cardiac
events in several CS studies.4-6 Joint AHA (American
Heart Association)/ACC (American College of Cardi-
ology)/HRS(Heart Rhythm Society) guidelines and
the most recent ESC (European Society of Cardiol-
ogy) guidelines recognize the prognostic value of left
ventricular (LV) function and recommend an
implantable cardioverter-defibrillator (ICD) in all
patients with CS and left ventricular ejection frac-
tion (LVEF) #35% (Class I recommendation).7,8

However, both sets of guidelines have not yet
defined the high-risk population that would benefit
from primary-prevention ICD placement when LVEF
is >35%. The AHA/ACC/HRS guidelines suggest ICD
placement in CS patients with LVEF >35% if they
have myocardial scar on CMR or positron emission
tomography (PET), syncope, or an indication for a
permanent pacemaker (Class IIa recommendation).7

Were these guidelines to be applied, then most pa-
tients with a diagnosis of CS would also fulfill the
criteria for ICD placement, because the presence of
fibrosis is one of the key criteria to diagnose the
condition.9

The most recent ESC guidelines recognized the
importance of LGE extent as prognostic factor and
suggested an ICD as primary prevention for patients
with CS with LVEF >35% and evidence of “signifi-
cant” LGE on CMR (after the resolution of acute
inflammation). In contrast, in patients with only
“minor” LGE and an LVEF of 35% to 50%, it is sug-
gested that risk stratification should be based on an
electrophysiologic study (Class IIa recommenda-
tion).8 However, definitions of “significant” and
“minor” LGE are not provided by the guidelines. Only
a few studies suggest that using a threshold of
myocardial fibrosis extent can aid the decision for ICD
placement, but such cutoffs have not been validated
and are not in the guidelines.10-12
In the present study, we explored the
prognostic significance of the extent, pattern,
and location of myocardial LGE in patients
with biopsy-proven sarcoidosis. We aimed to
identify LGE features that might be associ-
ated with a higher risk of adverse cardiac
events and provide a novel algorithm for risk
stratification in CS.

METHODS

STUDY DESIGN AND PARTICIPANTS. We
identified patients with biopsy-proven
sarcoidosis who were investigated at the
Royal Brompton Hospital from 2004 to 2023.
Only patients with biopsy-proven sarcoidosis
and good-quality CMR images were included.
Patients with significant obstructive coronary
artery disease, significant valvular heart dis-
ease, or suspicion of an alternative diagnosis
of cardiomyopathy were excluded. Signifi-

cant coronary artery disease was defined as previous
percutaneous coronary intervention, coronary artery
bypass graft, or known obstructive coronary artery
disease. Significant valvular artery disease was
defined as severe valvular stenosis or regurgitation or
previous valve replacement or repair. An alternative
diagnosis of cardiomyopathy was established by a
multidisciplinary team based on clinical and imaging
findings as well as genetic testing when appropriate.

Patients’ medical records were searched for all
clinical information. Medical imaging data sets of
CMR studies were retrieved for independent review
and analysis. Follow-up event data were collected
from electronic hospital records. Time to first clinical
event was defined as the time from the date of the
index CMR scan to the date of the first event. Follow-
up duration was calculated from the date of the index
CMR scan until death or last clinical contact with the
patient.

The primary endpoint was a life-threatening ven-
tricular arrhythmic event, including sustained ven-
tricular tachycardia (VT) (>100 beats/min lasting
>30 s or requiring earlier termination), ventricular
fibrillation (VF), appropriate ICD shock, or appro-
priate antitachycardia pacing. The secondary end-
points of the study were hospitalization for heart
failure or heart transplantation, and all-cause mor-
tality. The study was approved by the Research Ethics
Committee of the Health Research Authority, United
Kingdom.

CMR STUDIES. Digitally archived multiscanner
multicenter CMR studies, performed in our institu-
tion or imported from referring UK hospitals, were



FIGURE 1 Flowchart Showing Exclusion of Patients From the Study

Patients with biopsy-proven sarcoidosis
and good quality CMR images

n = 385

Significant coronary artery disease
n = 23

Significant valvular heart disease
n = 18

Alternative diagnosis of cardiomyopathy
n = 12

LGE analysis could not be performed
n = 8

Study participants
n = 324

CMR ¼ cardiac magnetic resonance; LGE ¼ late gadolinium enhancement.
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retrospectively reviewed. All imaging protocols
included steady-state free precession breath-hold
cine imaging for the assessment of ventricular vol-
umes and function, and standard LGE sequences with
magnitude inversion recovery and phase-sensitive
inversion recovery reconstructions, according to
standard recommendations. In patients with a cardiac
implantable electronic device, gradient echocardiog-
raphy sequences for cine imaging and wide-band LGE
acquisitions were used to improve image quality.

CMR ANALYSES. All studies were analyzed with the
use of CVI42 software (version 5.13.4, Circle Cardio-
vascular Imaging) by 3 CMR-experienced operators
blinded to clinical information. Patients were classi-
fied into 3 categories based on LV systolic function:
LVEF #35%, LVEF 36%-50%, and LVEF >50%. LGE
location in the left ventricle was described according
to both the AHA 17 myocardial segments model13 and
a wall segmentation model (anterior, septal, inferior,
and lateral). Multifocal LGE was defined as the pres-
ence of enhancement in at least 2 nonconsecutive and
nonadjacent AHA myocardial segments. The LGE
pattern was described according to the type of
involvement of myocardial layers as mid-wall, sub-
epicardial, subendocardial, transmural, or mixed. In
the presence of at least 1 segment of transmural LGE,
patients were classified as having transmural LGE.
Mixed pattern included a combination of at least 2
different patterns between mid-wall, subepicardial,
and subendocardial LGE. Patients with only focal
prominent LGE in the ventricular insertion points
were identified. The presence of LGE in the right
ventricular (RV) free wall or on the right side of the
interventricular septum also was recorded.

LGE extent was expressed as the number of LV
segments involved (17-segment model) and as a
percentage of the overall LV myocardial mass.
Quantification of LGE extent was assessed using the
signal threshold vs reference myocardium method,
which analyses the signal intensity of enhanced
myocardial areas compared with a reference region
of interest placed over normal nulled myocardium.
A signal threshold of >5 SDs above the mean signal
of the reference myocardium was applied to calcu-
late the total LGE mass. LGE extent, as a percent-
age, was automatically calculated by dividing the
LGE mass by the total LV mass. The >5-SD
threshold was chosen because it was the most
used in previous CS cohorts10,14-17 and provided the
best agreement with visual assessment. In case of
inaccurate tracking, manual adjustment was per-
formed. Interobserver variability was assessed by a
fourth independent CMR operator, who analyzed
LGE mass and extent in 27 CMR studies. Coefficient
of variation was 6.1% for LGE mass and 6.3% for
LGE extent.

STATISTICAL ANALYSIS. We present continuous
variables as mean � SD or median (Q1-Q3) as appro-
priate. We compared categoric variables between 2 or
more groups with the chi-square test, and we
compared continuous variables between groups with
either Student’s t-test or Mann-Whitney U-test (for 2
groups, as appropriate) or by analysis of variance (for 3
groups). We tested correlations between continuous
variables with either Pearson’s r or Spearman’s rank
correlation coefficient, as appropriate. The prognostic
value of LGE extent, LGE mass, and number of
myocardial segments for the various study endpoints
of ventricular arrhythmia, heart failure or heart
transplantation, and all-cause mortality was explored
in unadjusted Cox regression models and after
adjustment for age, sex, and presence of LV systolic
dysfunction (ie, LVEF <50%). The different LGE pat-
terns for the arrhythmia endpoint were assessed in the
overall population and in specific population sub-
groups, ie, without ventricular arrhythmia events at
presentation, LVEF >35%, and LVEF >50%. The opti-
mum cutoff for LGE extent was selected by identifying
the value that maximized Youden’s J statistic (sum of
sensitivity and specificity) on logistic regression
analysis for the primary endpoint to ensure an opti-
mum balance between sensitivity and specificity in
our models. Cox proportional hazard regression
models were fitted to test the association of each



TABLE 1 Demographics of the Study Population (N ¼ 324)

Age, y 53.6 � 11.6

Male 212 (65.4)

Comorbidities

Hypertension 134 (41.4)

Dyslipidemia 73 (22.5)

Diabetes 61 (18.8)

Smoking history 104 (32.1)

Ethnicity

Caucasian 236 (73.1)

Asian 44 (13.6)

Black 33 (10.2)

Other 11 (3.4)

Organ involvement with sarcoidosis

Lung 305 (94.1)

Liver 23 (7.1)

Spleen 10 (3.1)

Kidney 6 (1.9)

Skin 43 (13.3)

Skeleton 6 (1.9)

Eye 19 (5.9)

Nervous system 14 (4.3)

Other 4 (1.2)

Endomyocardial biopsy 4 (1.2)

Clinical presentation before CMR

VF 4 (1.2)

Sustained VT 27 (8.3)

High-degree AV blocka 41 (12.7)

LVEF <40% 31 (9.6)

Syncope or pre-syncope 21 (6.5)

Disproportionate dyspnea 62 (19.1)

Chest pain 37 (11.4)

Palpitations 82 (25.3)

Asymptomatic screening 110 (33.6)

Cardiac implantable electronic device

Any device 110 (33.6)

Dual-chamber PPM 36 (11.1)

ICD 69 (21.3)

CRT-D 43 (13.3)

Medications

Steroids 246 (75.9)

Nonsteroidal agents 181 (55.9)

Heart failure medication 117 (36.1)

Clinical outcomes

Death 41 (12.7)

Sustained VT 22 (6.8)

VF 8 (2.5)

Appropriate ICD therapy 20 (6.2)

Hospitalization for heart failure 15 (4.6)

Heart transplantation 3 (0.9)

FDG-PET

FDG-PET positive anytime 194 (59.9)

Values are mean � SD or n (%). aHigh-degree AV block was defined as Mobitz type
II 2nd or 3rd degree AV block.

AV ¼ atrioventricular; CMR ¼ cardiac magnetic resonance; CRT-D ¼ cardiac
resynchronization therapy defibrillator; FDG-PET ¼ 18F-fluorodeoxyglucose posi-
tron emission tomography; ICD ¼ implantable cardioverter-defibrillator;
LVEF ¼ left ventricular ejection fraction; PPM ¼ permanent pacemaker;
VF ¼ ventricular fibrillation; VT ¼ ventricular tachycardia.

J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 1 8 , N O . 7 , 2 0 2 5 Azzu et al
J U L Y 2 0 2 5 : 7 6 8 – 7 8 0 Prognostic Significance of Myocardial Fibrosis in Biopsy-Proven Sarcoidosis

771
variable with the outcome of interest. The assumption
of proportional hazards was checked with the use of
the Schoenfeld residuals test. Kaplan-Meier survival
curves for the study subgroups, ie, with high vs low
LGE extent and presence or absence of high-risk LGE
features, were plotted with numbers at risk shown
below each graph. In the subgroup of patients who did
not show arrhythmia at presentation, we fitted a Cox
proportional hazards regression model with as an in-
dependent variable the HRS indication for an ICD (ie,
no indication for ICD, Class IIa, or Class I). On top of
this model, we added, as a second covariate, the pro-
posed risk classification system (ie, low, intermediate,
high, or very high risk category). The 2 nested models
were compared by means of the change in the likeli-
hood ratio test (chi-square). The C-index of the model
was derived from time-dependent ROC curve analysis,
and the improvement in risk discrimination was
assessed by the change in the c-index (DAUC) of the
nested models (from time-dependent ROC analysis).
The improvement in risk reclassification was assessed
in a risk classification table. Statistical analyses were
performed with the use of R version 4.2.0. All tests
were 2-sided and alpha was set at 0.05.

RESULTS

PATIENT DEMOGRAPHICS. Of the initial 385 patients
with biopsy-proven sarcoidosis and available good-
quality CMR images who were screened for eligi-
bility, we excluded 23 patients with known significant
coronary artery disease, 18 with significant valvular
heart disease, and 12 with an alternative diagnosis of
cardiomyopathy. In addition, we excluded 8 patients
in whom LGE extent could not be quantified due to
technical issues during acquisition. In total, 324 pa-
tients with biopsy-proven sarcoidosis were included
in this study (Figure 1). The study cohort included 212
(65.4%) men and 112 (34.6%) women. Mean age at the
time of the baseline CMR scan was 53.6 years. De-
mographics and clinical characteristics of the study
population are reported in Table 1. Baseline CMR
findings are presented in Table 2.

ADVERSE CARDIAC EVENTS DURING FOLLOW-UP.

During a median follow-up period of 4.6 years (Q1-Q3:
2.3-7.5 years), 30 patients (9.3%) reached the primary
endpoint including sustained VT (n ¼ 22) or VF
(n ¼ 8). Among them, appropriate ICD therapy
occurred for VT in 14 patients and for VF in 6 patients.
Hospitalization for heart failure was recorded in 15
patients (4.6%), and 3 (0.9%) underwent heart
transplantation. Overall, 41 patients (12.7%) died of
any cause. In total, 61 patients reached at least 1 study



TABLE 2 CMR Findings in the Study Population and Subgroups for the Arrhythmic Endpoint

Whole Cohort
(N ¼ 324a)

Arrhythmia Endpoint

P Value
No

(n ¼ 294)
Yes

(n ¼ 30)

LVEDV, mL 159.9 � 53.7 156.6 � 50.2 192.2 � 74.1 0.001

LVESV, mL 69.6 � 47.3 65.1 � 40.3 115.0 � 79.6 <0.001

LVSV, mL 90.1 � 23.8 91.5 � 23.9 76.6 � 18.2 0.001

LVEF, % 59.2 � 13.1 60.7 � 11.7 44.7 � 16.5 <0.001

LVMWT, mm 11.1 � 2.5 11.0 � 2.3 11.6 � 3.6 0.27

RVEDV, mL 166.5 � 48.6 165.1 � 48.4 180.0 � 49.4 0.119

RVESV, mL 77.3 � 37.3 74.8 � 36.0 100.9 � 41.5 <0.001

RVSV, mL 89.2 � 24.3 90.2 � 24.4 78.6 � 21.0 0.013

RVEF, % 55.0 � 10.6 56.0 � 10.1 45.6 � 11.1 <0.001

LVEF category, % <0.001

>50 260 (80.2) 247 (84.0) 13 (43.3)

36-50 43.0 (13.3) 36 (12.2) 7 (23.3)

#35 21.0 (6.5) 11 (3.7) 10 (33.3)

LGE extent

LGE extent, % 6.6 (2.7-13.7) 6.2 (2.3-11.7) 16.8 (7.9-38.6) <0.001

LGE mass, g 6.3 (2.7-12.6) 5.9 (2.4-11.1) 15.0 (10.2-30.1) <0.001

Number of LGE segments 3.5 � 3.8 3.2 � 3.7 6.7 � 3.8 <0.001

LGE pattern 0.003

Mid-wall 147 (45.4) 137 (46.6) 10 (33.3)

Subepicardial 29 (9.0) 28 (9.5) 1 (3.3)

Subendocardial 6 (1.9) 5 (1.7) 1 (3.3)

Transmural 48 (14.8) 38 (12.9) 10 (33.3)

Mixed pattern 44 (13.6) 36 (12.2) 8 (26.7)

Insertion point fibrosis only 22 (6.8) 22 (7.5) 0 (0.0)

No LGE 28 (8.6) 28 (9.5) 0 (0.0)

LGE location

Anterior 68 (21.0) 53 (18.0) 15 (50.0) <0.001

Septal 167 (51.5) 143 (48.6) 24 (80.0) 0.002

Inferior 112 (34.6) 96 (32.7) 16 (53.3) 0.039

Lateral 184 (56.8) 164 (55.8) 20 (66.7) 0.341

Multifocal 59 (18.2) 46 (15.6) 13 (43.3) <0.001

RV free wall 36 (11.1) 25 (8.5) 11 (36.7) <0.001

RV side of the septum 41 (12.7) 28 (9.5) 13 (43.3) <0.001

Values are mean � SD, n (%), or median (Q1-Q3), unless otherwise indicated. a27 patients (8.3%) had a cardiac implantable electronic device at the time of CMR.

LGE ¼ late gadolinium enhancement; LVEDV ¼ left ventricular end-diastolic volume; LVESV ¼ left ventricular end-systolic volume; LVMWT ¼ left ventricular maximum wall
thickness; RV ¼ right ventricular; RVEDV ¼ right ventricular end-diastolic volume; RVEF ¼ right ventricular ejection fraction; RVESV ¼ right ventricular end-systolic volume;
other abbreviations as in Table 1.
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endpoint; and among them, 7 reached both the pri-
mary endpoint and 1 of the secondary endpoints.
Survival curves for the study endpoints are shown in
Figure 2.
LGE EXTENT AND PREDICTION OF MAJOR ADVERSE

CARDIAC EVENTS IN PATIENTS WITH BIOPSY-PROVEN

SARCOIDOSIS. There were no differences in patient
demographics (age, sex) or prevalence of traditional
risk factors (arterial hypertension, diabetes mellitus,
dyslipidemia, or smoking history) among subgroups
of patients based on the presence or absence of pri-
mary endpoint. In the whole study population, LGE
extent (as % of LV mass) was significantly higher
among patients who reached the primary endpoint
during follow-up (16.8% [Q1-Q3: 7.9%-38.6%] vs 6.2%
[Q1-Q3: 2.3%-11.7%]; P < 0.001) (Table 2). In univari-
ate cox regression analysis, LGE extent was signifi-
cantly associated with the primary endpoint (ie, the
composite of sustained VT, VF, and appropriate ICD
therapy; P < 0.001) and with the secondary endpoints
of heart failure and heart transplant (P ¼ 0.014), but
not with all-cause mortality (P ¼ NS). After adjust-
ment for age, sex, and presence of LV systolic
dysfunction (ie, LVEF <50%), LGE extent was still
significantly associated with the arrhythmia endpoint
(P ¼ 0.047) but not with any of the other study end-
points (Table 3). ROC analysis showed that the opti-
mum cutoff of LGE extent for the prediction of the
arrhythmic endpoint in the whole cohort was 7.4%,
providing a sensitivity of 83% and specificity of 70%



FIGURE 2 Kaplan-Meier Curves for Study Endpoints
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(AUC: 0.795) (Supplemental Figure 1). In leave-one-
out cross-validation, we obtained an average C-in-
dex of 0.792 across all iterations.
PREDICTORS OF VENTRICULAR ARRHYTHMIC

EVENTS IN PATIENTS WITH BIOPSY-PROVEN

SARCOIDOSIS. In our cohort, 260 patients (80.2%)
had LVEFs >50% in their index CMR scan, 43 (13.3%)
showed LVEFs from 36% to 50%, and the remaining 21
subjects (6.5%) had LVEFs #35%. The subgroup of
patients with LVEF #35% was significantly more
likely to develop a ventricular arrhythmic event
during follow-up (HR: 5.24 [95% CI: 2.16-12.7];
P < 0.001), although most arrhythmic events occurred
in patients with LVEF >35% (n ¼ 20 out of 30
arrhythmic events). Survival curves per LVEF sub-
groups are shown in Figure 3A.

Next to LVEF, high LGE extent ($7.4% of LV mass)
was significantly associated with the primary
endpoint during follow-up (HR: 6.24 [95% CI: 2.38-
16.40]; P < 0.001) in the whole cohort. Survival curves
are shown in Figure 3B. LGE on the right side of the
interventricular septum, LGE in the RV free wall,
multifocal LGE in the LV, and transmural LGE were all
more frequent among patients who reached the
arrhythmia endpoint (Table 2) and all associated with
multifold increased risk for the arrhythmic endpoint,
even in subgroup analyses for primary prevention of
SCD (ie, after excluding from the whole cohort those
patients who experienced sustained VT, VF, or abor-
ted SCD at presentation) (Table 4). Among patients
with LVEF >35% and those with LVEF >50%, LGE
extent $7.4%, LGE on the right side of the septum,
and multifocal LGE were still predictive of arrhythmia
events (Table 4). Kaplan-Meier survival curves for the
whole cohort for the presence and absence of each of
these LGE locations and patterns are shown in
Figures 3C to 3F. The same analyses in the subgroup of
patients without sustained VT, VF, or aborted SCD at
presentation are shown in Supplemental Figures 2
and 3. Illustrations of different types of LGE
involvement within study participants are shown in
Figure 4.
PROPOSED ALGORITHM FOR ARRHYTHMIC RISK

STRATIFICATION IN PATIENTS WITH BIOPSY-PROVEN

SARCOIDOSIS BASED ON LVEF, LGE EXTENT, AND

HIGH-RISK LGE FEATURES. Based on our observations,
we defined high-risk LGE as the presence of at least 1
high-risk LGE feature, defined as LGE on the right
side of the septum, LGE in the RV free wall, or
multifocal LGE in the LV. Among the 324 study pa-
tients, we identified 4 risk group categories based on
LVEF, LGE extent, and the presence of high-risk LGE
features (Central Illustration A). Patients at very high
risk of developing life-threatening ventricular
arrhythmias were all those with LVEF #35% and LGE
extent $7.4%. The high risk category included pa-
tients with LVEF #35% and LGE extent <7.4% with
high-risk LGE features, and patients with LVEF 36%-
50% and high-risk LGE features, independently from
LGE extent. In the intermediate risk category were
subjects with either LVEF #35% or LVEF 36%-50%
and LGE <7.4% in the absence of high-risk LGE, and
those with LVEF >50% and LGE $7.4%, or LGE <7.4%
and high-risk LGE. Finally, the low risk category
included only patients with LVEF >50% and
LGE <7.4% in the absence of high-risk LGE. Based on
this risk classification system, a total of 16 patients

https://doi.org/10.1016/j.jcmg.2025.02.012
https://doi.org/10.1016/j.jcmg.2025.02.012
https://doi.org/10.1016/j.jcmg.2025.02.012


TABLE 3 Cox Proportional Hazard Regression Analyses for the Study Endpoints

Unadjusted Model 1 Model 2

HR (95% CI) P Value HR (95% CI) P Value HR (95% CI) P Value

Arrhythmic endpoint

LGE mass, g, per SD 1.03 (1.01-1.04) <0.001 1.03 (1.01-1.04) <0.001 1.01 (1.00-1.03) 0.140

LGE extent, %, per SD 1.06 (1.03-1.08) <0.001 1.06 (1.03-1.08) <0.001 1.03 (1.00-1.06) 0.047

Number of segments with LGE 1.17 (1.09-1.26) <0.001 1.18 (1.10-1.28) <0.001 1.09 (0.99-1.20) 0.068

Hospitalization for heart failure or
heart transplantation

LGE mass, g, per SD 1.02 (1.00-1.03) 0.046 1.02 (1.00-1.03) 0.042 1.00 (0.98-1.03) 0.700

LGE extent, %, per SD 1.04 (1.01-1.07) 0.014 1.04 (1.01-1.07) 0.011 1.02 (0.98-1.09) 0.300

Number of segments with LGE 1.16 (1.06-1.28) 0.002 1.16 (1.05-1.28) 0.002 1.11 (0.98-1.25) 0.110

All-cause mortality

LGE mass, g, per SD 1.00 (0.99-1.02) 0.800 1.02 (1.00-1.03) >0.900 1.00 (0.97-1.02) 0.700

LGE extent, %, per SD 0.99 (0.97-1.03) >0.900 0.99 (0.97-1.02) >0.900 0.99 (0.95-1.03) 0.500

Number of segments with LGE 1.01 (0.93-1.09) 0.800 0.99 (0.91-1.07) >0.900 0.97 (0.87-1.07) 0.500

Model 1: after adjustment for age and sex. Model 2: after adjustment for age, sex, and presence of left ventricular impairment (ie, LVEF <50%).

Abbreviations as in Tables 1 and 2.
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(5%) were in the very high risk, 39 (12%) in the high
risk, 122 (38%) in the intermediate risk, and 147 (45%)
in the low risk category of developing a life-
threatening ventricular arrhythmia during follow-up.
The respective survival curves of the risk subgroups
are shown in Central Illustration B. The event rate was
44% (10.8% per year) in the very high risk group, 23%
(or 5.6% per year) among high risk patients, and 11%
(or 2.7% per year) in the intermediate risk group. Only
1% (0.2% per year) of patients in the low risk category
reached the arrhythmic endpoint during the follow-up
period (Central Illustration C).

COMPARISON OF PROPOSED ALGORITHM FOR

ARRHYTHMIC RISK STRATIFICATION WITH HRS

RECOMMENDATIONS. This risk stratification
approach based on LVEF, LGE extent, and presence of
high-risk LGE features was compared with the HRS
recommendations for ICD placement for primary
prevention of SCD in CS.7 Among the overall cohort of
324 patients, 27 presented with ventricular arrhyth-
mias (23 with sustained VT and 4 with VF) and
received an ICD for secondary prevention of SCD. In
the subgroup of patients who were assessed for ICD
placement for primary prevention of SCD (n ¼ 297),
compared with the HRS criteria, the proposed risk
stratification algorithm based on LVEF and LGE fea-
tures significantly enhanced the model’s prognostic
performance (chi-square ¼ 8.02; P ¼ 0.046), risk
discrimination (DAUC ¼ 0.082; P ¼ 0.019), and
reclassification for the primary endpoint (Table 5).
More specifically, a significant proportion of HRS
Class IIa patients (43%) were reclassified to a lower
risk category, and a smaller proportion to a higher risk
category (11%).
DISCUSSION

This study investigated the prognostic significance of
comprehensively acquired CMR features including
LGE extent, pattern, and location in a large cohort of
patients suspected of cardiac involvement in the
presence of biopsy-proven sarcoidosis. The burden of
LGE was associated with the risk of life-threatening
ventricular arrhythmic events, but not heart failure
or all-causemortality. High LGE extent (ie,$7.4%of LV
mass) as well as specific high-risk LGE features (ie, LGE
on the right side of the septum, LGE in the RV free wall,
ormultifocal LGE) aremarkers of increased arrhythmic
risk even in patients with preserved LVEF and can be
used to improve risk stratification in CS. Conversely,
CS patients with preserved LVEF, limited LGE extent,
and no high-risk LGE features may be at low risk of
arrhythmic events. We propose the combination of
LVEF, LGE extent as defined by % LGEmass, and high-
risk LGE features to assist in the clinical decision
making for ICD placement in patients with CS.

Multiple previous studies have demonstrated that
in patients with CS, the presence of myocardial LGE is
a strong predictor of cardiac events such as SCD,
ventricular arrhythmias, ICD discharge, and hospital
admission for heart failure. Hulten et al,4 in a meta-
analysis, showed that the annualized incidence of
death or ventricular arrhythmias was 8.8% in LGE-
positive patients vs 0.6% in LGE-negative subjects.
Another meta-analysis showed that patients with
known or suspected CS and positive LGE have higher
odds for both all-cause mortality and arrhythmic
events than those without LGE, even if the presence
of normal or near normal cardiac function.5 More



FIGURE 3 Kaplan-Meier Curves Showing Survival Free From the Arrhythmia Endpoint

1.00

0.75

0.50

0.25

0.00

1.00

0.75

0.50

0.25

0.00

1.00

0.75

0.50

0.25

0.00

1.00

0.75

0.50

0.25

0.00

1.00

0.75

0.50

0.25

0.00

0 30 60 90 120 150

260 184 118 65 34 11
43 27 16 10 4 2
21 12 4 2 2 1

Time in Months

Log-rank
P < 0.0001

1.00

0.75

0.50

0.25

0.00

Log-rank
P < 0.0001

Log-rank
P < 0.0001

Log-rank
P < 0.0001

Log-rank
P < 0.0001

Log-rank
P < 0.0068

Number at risk

0 30 60 90 120 150

185 133 87 46 24 9
139 90 51 31 16 5

Time in Months
Number at risk

0 30 60 90 120 150

283 201 123 68 34 11
41 22 15 9 6 3

Time in Months
Number at risk

0 30 60 90 120 150

288 203 123 68 33 10
36 20 15 9 7 4

Time in Months
Number at risk

0 30 60 90 120 150

265 183 120 71 38 13
59 40 18 6 2 1

Time in Months
Number at risk

0 30 60 90 120 150

276 193 121 65 34 12
48 30 17 12 6 2

Time in Months
Number at risk

LVEF >50% LVEF 36-50% LVEF ≤35%
LGE Extent <7.4% LGE Extent ≥7.4%

No RV Septal LGE RV Septal LGE

No Multifocal LGE Multifocal LGE No Transmural LGE Transmural LGE

No RV Free Wall LGE RV Free Wall LGE

A B

C D

E F

Kaplan–Meier curves showing survival free from the arrhythmic endpoint (sustained ventricular tachycardia, ventricular fibrillation, appropriate

implantable cardioverter-defibrillator therapy) for patients stratified by LVEF (A), LGE extent (B), presence of LGE on the right side of the interventricular

septum (C), presence of LGE in the RV free wall (D), presence of multifocal LGE in the left ventricle (E), and presence of transmural LGE in the left ventricle

(F). ICD ¼ implantable cardioverter-defibrillator; LVEF ¼ left ventricular ejection fraction; RV ¼ right ventricular; VF ¼ ventricular fibrillation;

VT ¼ ventricular tachycardia; other abbreviation as in Figure 1.
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TABLE 4 Subgroup Analyses for the Arrhythmia Endpoint by Clinical Presentation and LVEF

Whole Cohort No VT/VF at Presentation LVEF >35% LVEF >50%

HR (95% CI) P Value HR (95% CI) P Value HR (95% CI) P Value HR (95% CI) P Value

LGE extent $7.4% 6.24 (2.38-16.40) <0.001 11.60 (2.66-50.40) 0.001 4.09 (1.47-11.40) 0.007 3.06 (1.00-9.38) 0.050

LGE at RV side of the septum 5.43 (2.61-11.30) <0.001 8.82 (3.47-22.40) <0.001 6.19 (2.48-15.4) <0.001 4.81 (1.48-15.70) 0.009

LGE at RV free wall 4.30 (1.99-9.27) <0.001 7.56 (2.92-19.6) <0.001 5.80 (2.28-14.80) <0.001 3.93 (1.08-14.30) 0.038

Multifocal LGE 4.62 (2.19-9.72) <0.001 2.88 (1.08-7.74) 0.035 2.09 (0.69-6.29) 0.200 4.63 (1.46-14.70) 0.009

Transmural LGE 2.87 (1.33-6.21) 0.007 4.28 (1.66-11.10) 0.003 4.99 (2.00-12.50) <0.001 — —

Abbreviations as in Tables 1 and 2.
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recently, a large meta-analysis demonstrated a 20-
fold risk of ventricular arrhythmias in patients with
LGE compared with those without and a markedly
elevated risk in those with biventricular LGE.6

A number of studies have assessed the prognostic
value of LGE burden to identify an optimal cutoff that
could predict adverse cardiac events with the use of
different combinations of composite endpoints that
included ventricular arrhythmias, hospitalization for
heart failure, all-cause death, nonsustained VT, and
atrioventricular block.10,12,14-20 Only a few studies
have focused on finding the LGE threshold that could
predict life-threatening arrhythmic events in CS.
Detecting a critical cutoff of LGE extent is thought to
be crucial for identifying those patients who might
benefit from an ICD for primary prevention of SCD.
Kazmirczak et al,10 in a cohort of 290 patients with
known or suspected CS with biopsy-proven extrac-
ardiac sarcoidosis and LGE present in 30% of the
cohort, identified an LGE cutoff of 5.7% to be pre-
dictive of SCD and arrhythmic events in patients with
LVEF >35% and Class IIa recommendations for ICD
placement. Similarly, Crawford et al11 found that 6%
was the optimal LGE cutoff to predict VT/VF among
their 51 patients with LVEF >35%. A large Finnish
study, which included 201 CS patients with LV LGE,
also used an LGE mass >6% as the best risk discrim-
inator for life-threatening arrhythmias.12 In our
cohort, including 324 patients with biopsy-proven
sarcoidosis, 296 of which with myocardial LGE, a
cutoff of 7.4% of LGE extent provided the best bal-
ance between sensitivity and specificity. However,
we observed that beyond LVEF and LGE presence or
extent, LGE location and pattern were additional
prognostic markers for malignant arrhythmias.

Okasha et al,21 in a systematic review and meta-
analysis of gross pathology images from 49 CS
patients who underwent autopsy or heart trans-
plantation, observed that in >90% of cases myocar-
dial involvement was subepicardial, multifocal,
septal, or in the RV free wall. Athwal et al22 reported a
higher risk of ventricular arrhythmias and heart fail-
ure, independent from LVEF and LGE extent, in pa-
tients with “pathology-frequent LGE,” defined as the
presence of LGE in at least 1 of the locations or pat-
terns defined by Okasha et al.21 Crawford et al11 re-
ported positive predictive values for death or VT/VF
of 100% for RV LGE and 48% for multifocal LGE. In a
recent study from our group, patients with CS who
presented with cardiac arrest or life-threatening ar-
rhythmias were more likely to have LGE on the right
side of the septum or in the basal anteroseptum.23 In
the present cohort, 43% of patients who developed an
arrhythmic event during follow-up had LGE on the
right side of the septum on the baseline CMR, and
37% showed LGE in the RV free wall. LGE on the right
side of the septum was associated with a 6-fold
increased risk of developing a life-threatening
arrhythmia in all patients with LVEF >35% and
almost 5 times higher risk in patients with LVEF
>50%.

Our observations are important because, to our
knowledge, this study included the largest number of
patients with biopsy-proven sarcoidosis and
myocardial LGE. In addition, compared with previ-
ously published studies,12,22 our cohort did not
include patients with concomitant significant coro-
nary artery disease or significant valvular heart dis-
ease, which has the potential to confound survival
analysis. We consolidate the need to move beyond
LVEF for arrhythmic risk stratification, because most
events occurred in patients with LVEF >35%. In
addition, we demonstrate that LGE presence is not
invariably associated with high arrhythmic risk in CS,
and we provide a definition for high-risk LGE, that
could be incorporated in clinical management
guidelines for refined arrhythmic risk stratification in
CS. Comparing our proposed risk algorithm with the
HRS recommendations for ICD implantation in CS, we
demonstrate that a large proportion (43%) of patients
meeting Class IIa recommendations would be reclas-
sified to a low-risk group based on their LVEF, LGE



FIGURE 4 LGE Features in Patients With Biopsy-Proven Cardiac Sarcoidosis

Insertion point fibrosisNo LGE

Subepicardial Subendocardial Transmural

RV free wallRV side of the septumMultifocal

Mid-wall

Examples of different LGE features in patients with biopsy-proven sarcoidosis. Bottom panels highlighted in red show the “high-risk” LGE

features. Red arrows indicate areas of LGE. Abbreviations as in Figures 1 and 3.
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extent, and LGE features (event rate 0.2% per year).
Even within patients meeting Class I recommenda-
tions, our algorithm identified some (11%) at lower
risk. Conversely, 11% of HRS Class IIa patients would
be considered as having a high risk of developing
ventricular arrhythmias and should be prioritized for
ICD placement. Patients with CS with LVEF >50%,
limited LGE extent and no high-risk LGE features
have an overall low risk of developing life-
threatening ventricular arrhythmias, and despite
HRS recommendations,7 ICD implantation could be
withheld in these patients. An electrophysiologic
study should be considered for further risk stratifi-
cation according to current guidelines,7,8 as well as
regular clinical and imaging monitoring during sur-
veillance. Based on our findings, those with



CENTRAL ILLUSTRATION Proposed Algorithm for Arrhythmic Risk Stratification in
Patients With Biopsy-Proven Sarcoidosisa
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Azzu A, et al. JACC Cardiovasc Imaging. 2025;18(7):768–780.

(A) Proposed algorithm for arrhythmia risk stratification in patients with biopsy-proven sarcoidosis based on LVEF, LGE extent (%), and

high-risk LGE features (ie, LGE on the right side of the septum, LGE in the right ventricular free wall, and left ventricular multifocal LGE).

(B) Survival curves based on the proposed algorithm. (C) Observed event rate based on the proposed risk group categories. aIn the absence of

significant coronary artery disease (ie, previous percutaneous coronary intervention, coronary artery bypass graft, or known obstructive

coronary artery disease), significant valvular artery disease (ie, severe valvular stenosis or regurgitation or previous valve replacement or

repair) or alternative diagnosis of cardiomyopathy. Interm ¼ intermediate; LGE ¼ late gadolinium enhancement; LVEF ¼ left ventricular

ejection fraction.
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LVEF #50% in the presence of high-risk LGE features
have a high arrhythmic risk independently from LGE
extent and should be considered for ICD placement
for primary prevention of SCD. If results are
confirmed in prospective multicenter validation
studies, such an algorithm may be incorporated in
international guidelines focusing on risk stratification
of CS patients against SCD.



TABLE 5 Comparison of the Added Prognostic Value of a Model Based on LVEF, LGE Extent, and High-Risk LGE Features vs HRS Classes for

Arrhythmic Risk Stratification and Decision for ICD Placement for Primary Prevention of Sudden Cardiac Death

HRS Class

Risk Group Category

Total

Risk Reclassification

Low Intermediate High Very High Risk Up Risk Down

No ICD indicationa 48 (0) 2 (0) — — 50 (0) — —

Class IIa 98 (1) 105 (6) 26 (2) — 229 (9) 26 (11%) 98 (43%)

Class I — 1 (0) 2 (2) 15 (7) 18 (9) — 2 (11%)

Total 146 (1) 108 (6) 28 (4) 15 (7) 297 (18) 26 (9%) 100 (34%)

Patients who presented with ventricular arrhythmias and received an ICD for secondary prevention of sudden cardiac death (n ¼ 27) were excluded from the whole cohort.
Numbers in parentheses not designated as % represent the numbers of ventricular arrhythmic events. aPatients with no LGE (n ¼ 28) or insertion point fibrosis only (n ¼ 22).

HRS ¼ Heart Rhythm Society; other abbreviations as in Tables 1 and 2.

PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: This study pro-

poses a novel risk stratification approach based on LVEF and LGE

features for identifying elevated risk of developing life-

threatening ventricular arrhythmias in patients with biopsy-

proven sarcoidosis.

TRANSLATIONAL OUTLOOK: Large multicenter studies are

required to confirm the need of an ICD for primary prevention of

SCD in patients with biopsy-proven sarcoidosis who show high-

risk features of myocardial LGE.
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STUDY LIMITATIONS. This was a retrospective
observational study performed in a single tertiary
center and as such is subject to selection and referral
bias. The cohort is predominantly Caucasian, with a
smaller percentage of Asian and Black patients.
Although patients with poor-quality CMR studies
were appropriately excluded from this study, the
accuracy of LGE extent quantification might have
been affected in patients who had a cardiac
implantable electronic device at the time of CMR.
The effect of immunosuppressive, antiarrhythmic, or
heart failure medications on clinical outcomes was
beyond the scope of this study. Finally, cardiovas-
cular mortality was not assessed independently as
the cause of death was not available for most
patients. Given the relatively small number of
arrhythmic events, external validation of the find-
ings in other cohorts is desirable.

CONCLUSIONS

We present data from one of the largest available
cohorts of patients with biopsy-proven sarcoidosis
and myocardial LGE. We propose an algorithm for
arrhythmic risk stratification based on LVEF, LGE
extent, and the presence of high-risk LGE features.
Patients with biopsy-proven sarcoidosis who show
LVEF >50% and LGE extent <7.4% in the absence of
high-risk LGE features have a low risk of developing
life-threatening ventricular arrhythmias. All patients
with LVEF #50% and high-risk LGE features have a
high arrhythmic risk independently from LGE extent
and should be considered for ICD placement for pri-
mary prevention of SCD.
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