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Abstract
Purpose of the Review  The purpose of this paper is to review the current knowledge regarding imaging inflammation in 
cardiac sarcoidosis (CS).
Recent Findings  Noninvasive imaging methods like cardiac magnetic resonance (CMR) and 18-fluorodeoxyglucose (18FDG) 
positron-emission tomography-computed tomography (PET-CT) scans have emerged as the most important modalities in 
diagnosing and monitor therapy efficacy in CS. The differentiation between an active and a chronic, silent clinical state 
is crucial for decision making. T1- and T2-mapping by CMR provide a unique opportunity to discriminate normal and 
diseased myocardium by detecting myocardial edema and fibrosis. While T1-mapping is sensitive to fibrosis and edema, 
T2 is primarily influenced by tissue water content. Increased 18-fluorodeoxyglucose (18FDG) uptake in positron-emission 
tomography-computed tomography (PET-CT) scan is a hallmark feature of CS and defines active inflammation. Therefore, 
the hybrid application of both CMR and 18FDG-PET-CT scans has evolved as the standard procedure to detect CS and 
monitor the therapeutic response.
Summary  Imaging inflammation in CS is basically performed by CMR T2-mapping and 18FDG uptake in PET-CT scan. 
Both are reliable methods in identifying active CS and follow up therapy and can be used synergistically. Additionally CMR 
provides further prognostic insights by late gadolinium enhancement that increases the risk for malignant arrhythmia and 
for relapse after therapy weaning.
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Abbreviations
CMR	� Cardiac magnetic resonance
CS	� Cardiac sarcoidosis
ECV	� Extracellular volume
EF	� Ejection fraction
EMB	� Endomyocardial biopsy
18FDG	� 18-Fluorodeoxyglucose
GCM	� Giant cell myocarditis
HRS	� Heart Rhythm Society
ICM	� Ischemic heart disease
JCS	� Japanese Circulation Society
LGE	� Late gadolinium enhancement

LV	� Left ventricle
PET-CT	� Positron-emission tomography-computed 

tomography
RV	� Right ventricle
SCD	� Sudden cardiac death
VA	� Ventricular arrhythmia

Introduction

Sarcoidosis is a systemic inflammatory disease, and cardiac 
involvement is the most frequent cause of death from this 
condition [1]. While the majority of cases with systemic 
sarcoidosis show a self-limiting process that only affects 
the lung and the lymph nodes, cardiac involvement always 
requires high-dose immunosuppressive therapy [2]. About 
5% of cases show symptomatic cardiac sarcoidosis (CS), but 
autopsy studies suggest that in up to 25% there is a silent 
cardiac involvement with unknown significance [3, 4].
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Myocarditis is defined by an immigration of immune cells 
and activation of different cytokines, leading to myocyte 
necrosis and apoptosis as well as fibrosis of the surrounding 
interstitium [5–7]. Most frequently, myocarditis is triggered 
by viral infection with cardiotropic agents, which either 
directly induce myocyte death or effect a cytokine-mediated 
activation of the immune system [7, 8]. Moreover, systemic 
inflammatory diseases like sarcoidosis or rheumatological 
diseases (e.g. systemic lupus erythematosus, systemic scle-
rosis, and myositis) frequently involve the myocardium and 
provoke myocardial inflammation and remodeling processes 
[7–10]. The hallmark of CS is the formation of noncaseating 
granuloma and an overlap of acute, potentially reversible 
inflammation and irreversible fibrotic remodeling, which 
result in heart failure, arrhythmia, and sudden cardiac death 
[2, 11].

The multifarious origins of myocardial inflammation 
emphasize the importance of both detecting active inflam-
mation and differentiating its etiology. However, a single, 
noninvasive imaging modality to differentiate these entities 
is still not available. In this review we focus on the impor-
tance of multimodal imaging to diagnose sarcoidosis. We 
provide information on the identification of active and 
chronic inflammation and illuminate the current state of the 
art for monitoring CS during medical therapy.

Multimodal Imaging to Identify Myocardial 
Inflammation

Sarcoidosis can affect almost every organ and has a different 
clinical presentation, from asymptomatic incidental findings 
to sudden cardiac death. The diagnosis of isolated CS can 
be challenging because of the unspecific clinical presenta-
tion [12]. As of today some diagnostic recommendations 
still require histological confirmation [13, 14]. However, 
the focal character of the disease results in a high sampling 
error, so that CS could be missed without adding other diag-
nostic modalities [12, 15]. Therefore, the Japanese Circula-
tion Society (JCS) guidelines and the Heart Rhythm Society 
(HRS) consensus paper raised the importance of noninvasive 
imaging tools like cardiac magnetic resonance (CMR) and 
18-fluorodeoxyglucose (18FDG) positron-emission tomog-
raphy-computed tomography (PET-CT) [13, 14]. According 
to the HRS guidelines, however, a definite diagnosis of CS 
is only possible with extracardiac histopathological proof of 
noncaseating granuloma [13].

CMR

The renewed European Society of Cardiology (ESC) guide-
lines raised CMR to a level I recommendation in the differ-
ential diagnosis of cardiomyopathies and heart failure [16]. 

In cases of suspected CS, CMR provides the possibility to 
identify structural changes like regional aneurysms, regional 
or global fibrosis, and myocardial edema and overcomes the 
sampling error of endomyocardial biopsy (EMB). Further, 
CMR has better diagnostic power than traditional diagnostic 
tools like electrocardiography and echocardiography [17•]. 
The updated Lake Louise Criteria (LLC) from 2018 require 
the presence of increased native T1 or late gadolinium 
enhancement (LGE) as indicative of myocardial damage 
plus increased T2 or pathological T2-weighted images to 
detect active inflammation [16, 18]. In a meta-analysis of 33 
studies with 1997 patients, including 687 with CS, Aitken 
et al. found a higher sensitivity (95% vs. 84%, p = 0.002) of 
CMR compared with 18FDG PET-CT but no difference in 
specificity [19].

There are some indicative imaging features of CS, includ-
ing basal septum aneurysms, but CS can also mimic other 
cardiomyopathies such as arrhythmogenic ventricular dys-
plasia, ischemic heart disease (ICM), myocarditis, giant cell 
myocarditis (GCM), or even amyloidosis [20–22, 23•, 24]. 
In particular, the presentation of GCM and CS can be simi-
lar in CMR. In a group of biopsy-confirmed GCM and CS 
patients, Bibbio et al. found no difference in CMR appear-
ance for these two entities, whereas the clinical presenta-
tion for GCM was more acute [25]. Even after matching for 
ejection fraction (EF), sex, and age there were no relevant 
differences aside from soft morphological features [23•]. 
Figure 1 shows a case where CS mimics progressed ICM. 
Based on the pathological angiogram the patient was rec-
ommended for coronary artery bypass surgery. The diffuse, 
partly transmural and subendocardial distribution and the 
perfusion defect in connection with the angiogram led to 
the wrong diagnosis of ICM. The lack of clinical improve-
ment after revascularization, recurrent malignant ventricular 
arrhythmia (VA), and graft failure led to questioning of the 
initial diagnosis.

In the following section we discuss data on the different 
CMR techniques that are part of the LLC and their relative 
diagnostic merit.

Late Gadolinium Enhancement

Focal changes in myocardial architecture like replacement 
fibrosis, inflammation, and any form of extracellular expan-
sion can cause LGE in CMR [26]. CS can present as any 
other cardiomyopathy or inflammatory heart disease in LGE. 
The LGE pattern most suspect for CS is an intense, partially 
mass-like subepicardial or midventricular distribution pre-
dominantly affecting the septum; however, there can be any 
other form mimicking an infarct-like lesion or just a discreet 
focal finding [27]. Therefore, LGE alone cannot confirm 
the diagnosis of CS. Figure 2 shows three different typical 
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presentations of CS in LGE from our cohort. However the 
majority of cases the LGE pattern is quite characteristic.

The presence of LGE indicates myocardial damage but 
does not inform about current inflammatory activity. There 
is no single LGE criterion that can distinguish between 
active focal inflammation or a chronic irreversible process. 
LGE can appear in the acute phase due to necrosis and 
edema but also in the chronic setting by replacement fibrosis. 
However, LGE can provide essential prognostic information. 

The amount of LGE is one of the most important prognosti-
cators for death or VA in CS [28–31]. In a meta-analysis of 
13 studies with 1318 patients, Stevenson et al. demonstrated 
that patients with LGE showed a significantly higher risk of 
VA and all-cause mortality [32••]. In a group of 50 patients 
who underwent CMR and fasting 18FDG PET-CT, Gowani 
et al. even showed that LGE was a better prognosticator for 
VA than 18FDG uptake in PET-CT scans [33•]. Pathologi-
cal 18FDG uptake yields no additional information to help 

Fig. 1   A patient with cardiac sarcoidosis was referred for coronary 
artery bypass surgery because of progressed coronary three-vessel 
disease. External cardiovascular magnetic resonance yielded diffuse 
late gadolinium enhancement (a, b) in nearly all supply areas and 

ventricular thrombus (white arrow). (c) Perfusion imaging showed 
diffuse perfusion deficit in first pass, leading to the misdiagnosis of 
ischemic cardiomyopathy (*). Coronary angiography with multiple 
stenotic lesions in all 3 coronary vessels (d-f)

Fig. 2   Three presentations of cardiac sarcoidosis in late gadolinium 
enhancement. Typical mass-like distribution with right ventricular 
involvement in the short-axis (a, white arrow) and 4-chamber view 

(b) with basal septum aneurysm and irreversible replacement fibro-
sis (*). Weak gadolinium enhancement with complete remission after 
immunosuppressive therapy in the short-axis view (c, white star)
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predict VA [33•]. This is very plausible, as LGE delineates 
the arrhythmogenic substrate, similar to what it shows in 
ICM.

CS frequently involves the right ventricle (RV) [34]. A 
simple but relevant advantage of CMR over echocardiogra-
phy is the possibility to display the RV in three dimensions. 
CMR provides a functional, anatomical, and LGE assess-
ment of the whole RV wall. Velangi et al. found reduced 
RV function in 12.1% and RV LGE in 5.5% with different 
prognostic implications. RV dysfunction is a good predictor 
of all-cause-mortality, whereas RV LGE is predictive of VA 
and sudden cardiac death (SCD) [34]. In a meta-analysis of 
8 studies analyzing the influence of RV EF and RV LGE on 
outcome in a total of 899 patients, Wang et al. found both 
RVEF and RV LGE are predictive of adverse outcome, and, 
further, RV LGE is helpful in identifying patients at risk of 
SCD [35•].

Tissue Characterization by T1 and T2 
Mapping and ECV

T1 and T2 mapping are excellent methods of tissue characteri-
zation as they provide both diagnostic and prognostic infor-
mation [36–38]. While native T1 time is sensitive to fibrosis 
and water, T2 time is an indicator of myocardial edema [36, 
39–42]. An excellent review article by Haaf et al. summarizes 
the influence of different histological changes in acute myocar-
ditis and in cases of storage diseases on the T1 time. Almost 
any change in myocardial architecture leads to a prolongation 
of T1 time. Even deposits of glycosphingolipids and iron in 
Fabry disease and hemochromatosis result in shortened T1 
time [37]. T1 and T2 times are early indictors of heart dis-
ease and can be increased before functional limitations of the 
ventricle or focal fibrosis become evident [36, 43]. Elevated 
T1 and T2 relaxation time in patients with known extracar-
diac sarcoidosis also seem to predict an early cardiac involve-
ment [44••, 45–47]. In 53 biopsy-confirmed CS patients 
Puntman et al. found higher T1 and T2 times in addition to 
structural and functional changes compared with healthy con-
trols and irrespective of symptoms, time since diagnosis, and 
age [44••]. Even in the absence of LGE and preserved EF 
patients with sarcoidosis show higher T1 values than healthy 
controls [48]. Both studies conclude that T1 mapping is the 
best parameter to differentiate between normal and diseased 
myocardium [44••, 48]. We recently found that the quantifica-
tion of regional extracellular volume (ECV) by a combination 
of pre- and post-contrast T1 mapping and the hematocrit can 
distinguish CS from other inflammatory cardiomyopathy [49]. 
In 33 LGE- and PET-positive patients ECV was more specific 
than regional or global native T1 and T2 mapping alone. Fur-
ther, in our cohort EMB did not yield any histological evidence 

of CS [49]. Nevertheless, the effect of fibrosis or myocardial 
edema on the T1 prolongation cannot be discriminated.

Detection of edema is of particular importance for the iden-
tification of active inflammation. This can be achieved in two 
different ways: as T2 mapping is specifically sensitive to the 
water content of the tissue, either increased signal intensity is 
delineated on T2w turbo spin echo sequences, ideally in rela-
tion to the signal of skeletal muscle, or the T2 time is meas-
ured directly by parametric techniques. T2 can be considered 
as a physical biomarker: the higher the T2 time, the higher the 
water content of the tissue [50, 51]. T2 mapping sequences are 
a quantitative method and have been shown to be superior to 
T2-weighted turbo spin echo sequences for the detection of 
inflammation [41]. Spieker et al. found that elevated T2 time is 
associated with the presence of inflammatory cells in EMB in 
dilated cardiomyopathy [41]. By adding T2 mapping to the JCS 
recommendations, the diagnostic accuracy for active CS can be 
improved [52••]. Although studies addressing T2 mapping as 
a follow-up parameter during treatment of CS are sparse, the 
importance of this parameter has been demonstrated for other 
inflammatory heart diseases [53, 54]. In a small case series of 
8 patients, including 6 undergoing immunosuppressive therapy, 
Crouser et al. showed alterations in the T2 signal during follow-
up, which supports the reproducibility of this parameter [55]. 
Therefore, we recommend both T1 and T2 mapping for diag-
nostic considerations. Selectively elevated T1 time and normal 
T2 time indicate fibrotic remodeling, whereas an elevation of 
both parameters is suggestive of myocardial inflammation.

In summary, CMR provides an opportunity for detailed 
characterization of tissues of the whole myocardium that over-
comes the issue of sampling error of EMB. T1 and T2 map-
ping are excellent methods for the discrimination of diseased 
and normal myocardium, the identification of remodeling, and 
even detection of subtle inflammation. T2 mapping has been 
identified as a suitable parameter for monitoring progression in 
many inflammatory diseases such as myocarditis or systemic 
sclerosis and is therefore an essential component in monitor-
ing immunosuppressive therapy of CS patients. LGE adds 
insights regarding the underlying process of different cardio-
myopathies and adds prognostic information to the diagnostic 
data. However, there is room for improvements, particularly 
for device-implanted patients who represent not an inconsid-
erable proportion. In the future, wideband sequences could 
overcome the problem of off-resonance artefacts and could 
make the modality suitable for this particular cohort.

18FDG PET‑CT

A high glucose metabolism is a hallmark of inflammatory 
processes and sarcoid granuloma. Macrophages show high 
metabolic activity and therefore high 18FDG uptake. 18FDG 
PET-CT uses this feature to visualize pathological 18FDG 
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uptake not just in the heart but in all potentially affected 
organs and to confirm active myocardial inflammation [56]. 
To suppress the physiological glucose metabolism in the 
heart, a fasting period is necessary to improve diagnostic 
accuracy [57, 58]. Further, coronary artery disease needs 
to be excluded because ischemia can also result in abnor-
mal 18FDG uptake. At our center we use a fasting period of 
18 h with a last meal that is low in carbohydrates. Before 
18FDG application all patients are prepared with 50 I.E./
kg bodyweight heparin to suppress the tracer uptake. In a 
meta-analysis of 7 studies with 164 patients the accuracy 
of 18FDG PET-CT for detecting CS was determined to 
have a sensitivity of 89% and a specificity of 78% [59]. All 
18FDG PET-CT scans should be interpreted qualitatively and 
quantitatively by an experienced examiner [60]. Quantita-
tive parameters like the maximum standard uptake value 
(SUVmax) can improve the assessment of therapy response, 
but they are not validated for prognostic information [61, 
62]. However, qualitative PET-CT findings appear to add 
a prognostic value. Pathological tracer uptake is associated 
with a higher risk of VA or death [63].

A combination of CMR and fasting PET-CT scans is a 
widely used approach to confirm CS and to discriminate 
an acute from a chronic condition [49, 64]. In a recently 

published study Greulich et al. highlighted the role of a 
hybrid method of CMR and 18FDG PET-CT for the dif-
ferentiation of active and chronic CS [65••]. In a cohort 
of 43 patients with histologically confirmed extracardiac 
sarcoidosis the authors found that a combined approach of 
CMR mapping method and PET-CT scan can increase the 
accuracy for diagnosing active CS. They showed that even 
in the absence of LGE, increased T1 and T2 mapping values 
can indicate active inflammation that can be confirmed by 
PET-CT with crucial therapeutic implications [65••]. 18FDG 
uptake in the atria can be a predictor of the development of 
atrial fibrillation during follow-up. In a multimodal approach 
in 118 CS patients without atrial fibrillation at initial diag-
nosis, Niemelä et al. found atrial inflammation and atrial 
enlargement as independent predictors of future atrial fibril-
lation [66•].

Figure 3 shows a comparison of CMR and PET-CT find-
ings in a young male patient presenting with sudden cardiac 
death and provides an example of the additive information 
that can be obtained from multimodal imaging CS of myo-
cardial inflammation.

To summarize, 18FDG PET-CT scans are suitable for the iden-
tification of active inflammation but provide limited information 
about chronic irreversible disease status. 18FDG PET-CT is not 

Fig. 3   Multimodal imaging in a 32-year-old patient presenting with 
sudden cardiac death during a soccer match. a  4-chamber and (b) 
short-axis view with diffuse late gadolinium enhancement distribu-
tion and right ventricular involvement (white arrow). Only global T1 

values (c) were mildly elevated. T2 values (d) were neither globally 
nor regionally increased. 18-fluorodeoxyglucose (18FDG) positron-
emission tomography-computed tomography (PET-CT) shows 18FDG 
uptake extended far beyond LGE-positive regions (e, f)
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able to reliably detect fibrotic remodeling areas whose presence is a 
significant prognosticator. The preparation of the patient for 18FDG 
PET-CT can affect the results and the comparability of the exami-
nations [58], but to date there are no precise recommendations for 
the best dietary approach to optimize the scans. We recommend a 
controlled fasting period within an inpatient stay to ensure the sup-
pression of physiological glucose uptake and to avoid false positive 
results. Furthermore, a lack of 18FDG-uptake only indicates the 
absence of active inflammation; it does not rule out chronic fibrotic 
remodeling in healed CS which is still associated with a relevant 
increased risk for malignant VA and SCD. Therefore, both meth-
ods – PET and CMR – are indispensable for the identification of 
CS and the assessment of activity status.

Monitoring Inflammation 
during Immunosuppressive Therapy in CS

CS always requires high-dose immunosuppressive therapy with 
glucocorticoids and optionally methotrexate or azathioprine as 
well as standard heart failure therapy [67]. As concerns still exist 
about the optimal dose and period of immunosuppressive therapy, 
many centers have their own follow-up regimen, which often makes 

comparability between studies difficult. CS is often characterized 
clinically by high-grade AV-block and malignant VA. Therefore, 
many patients are provided with a pacemaker or defibrillator. 
The electronic device influences in particular the image quality 
of CMR or even makes its application impossible. In such cases 
18FDG PET-CT is an important alternative, especially for detecting 
disease recurrence under therapy [60, 68]. A reduction of 18FDG 
uptake seems to be associated with an improvement of EF [69]. The 
optimal timepoint for imaging follow-up is still a matter of debate, 
but a period of more than 5 months seems to be enough to reflect 
medically induced changes [70]. In a cohort of 68 patients Arps 
et al. investigated imaging parameters for the detection of a relapse 
[71•]. They found that about 50% of patients suffered disease recur-
rence, and the initial amount of LGE and isolated CS were relevant 
predictors.

In our center we use a multimodal approach consisting 
of clinical parameters, laboratory findings, and imaging 
modalities. In cases of suspected CS in CMR imaging, a 
fasting 18FDG PET-CT scan is always obtained to quantify 
disease activity status. As a follow-up tool we prefer CMR, 
if applicable. CMR does not entail exposure to radiation, 
which makes a serial application feasible. For interpreta-
tion of inflammation, we use the development of global and 

Fig. 4   Multimodal imaging in a 32-year-old patient presenting with 
sudden cardiac death during a soccer match. a  4-chamber and (b) 
short-axis view with diffuse late gadolinium enhancement distribu-
tion and right ventricular involvement (white arrow). Only global T1 

values (c) were mildly elevated. T2 values (d) were neither globally 
nor regionally increased. 18-fluorodeoxyglucose (18FDG) positron-
emission tomography-computed tomography (PET-CT) shows 18FDG 
uptake extended far beyond LGE-positive regions (e, f)
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regional T1 and T2 mapping values and the amount of LGE. 
For the assessment of heart failure, we rely on functional 
and morphological parameters like EF and end-diastolic and 
end-systolic volumes. In cases having inconclusive CMR 
results, or if CMR is inapplicable or leaves any doubt about 
CS activity status, we add 18FDG PET-CT for further deci-
sion making. The imaging information is always put into 
context together with all collected parameters, and every 
case is discussed in an interdisciplinary conference for rare 
heart diseases before introduction, change, or termination of 
therapy. Figures 4 and 5 depict two cases in which CMR and 
18FDG PET-CT were used to confirm treatment response.

Perspectives for Imaging for Therapy 
Monitoring

Serial CMR is a reliable and sensitive tool to monitor the 
course of inflammation during therapy and avoids radia-
tion exposure. However, in patients with implanted devices 
18FDG PET-CT is indispensable. In serial 18FDG PET-CT a 
change of at least 20% in uptake regions and/or SUVmax are 

the recommended threshold for indicating therapy response 
[72]. Alterations of SUVmax in serial measurements do not 
correlate with prognosis and clinical outcome.

There are still gaps in our knowledge concerning the best 
therapeutic approach, the optimal corticosteroid dose and 
therapy period, follow-up imaging settings and period, and 
indicators for escalating or deescalating immunosuppres-
sive therapy. As a consequence, heart centers use their own 
strategy, which makes studies difficult to compare and to 
translate to clinical practice. An expert consensus-based, 
standardized follow-up approach that includes clinical and 
imaging parameters should be implemented, and multicenter 
studies will be necessary to significantly improve the man-
agement of the rare but life-threatening disease of CS.

Conclusion

Due to the multifaceted clinical appearance and imaging fea-
tures of CS, a multimodal approach for diagnosis and follow-
up is mandatory. According to the current state of knowl-
edge, a combination of CMR and fasting 18FDG PET-CT 

Fig. 5   40-year old male patient with elevated cardiac markers, con-
duction disturbance and atypical pectangina. a and (b) with regional 
significantly elevated T2- (upper limit 40 ms) and T1-values (upper 
limit 1171 ms) and (c) dull late gadolinum enhancement (LGE, white 
arrow). cardiac sarcoidosis was confirmed by 18-fluorodeoxyglucose 

(18FDG) positron-emission tomography-computed tomography (PET-
CT) (d-f) show normalized relaxationtimes and complete remission 
of LGE 6  months under therapy. No additional PET-CT scan was 
necessary. Still conduction disturbance was persistent
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is the favorable method for the diagnosis and identification 
of active inflammation. T1 and T2 mapping sequences pro-
vide a unique opportunity to quantify and track fibrosis and 
inflammation before any structural changes are observable. 
In addition, 18FDG PET-CT detects metabolically active 
areas, which is a fundamental feature in inflammatory pro-
cesses. Finally, the evaluation of CS always requires an inter-
disciplinary approach for best decision making.
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