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Abstract

Purpose of Review Cardiac sarcoidosis (CS) is an important cause of non-ischemic cardiomyopathy and has specific diagnos-
tic and therapeutic considerations. With advances in imaging techniques and treatment approaches, the approach to monitor-
ing disease progression and management of CS continues to evolve. The purpose of this review is to highlight advances in
CS diagnosis and treatment and present a center’s multidisciplinary approach to CS care.

Recent Findings In this review, we highlight advances in granuloma biology along with contemporary diagnostic
approaches. Moreover, we expand on current targets of immunosuppression focused on granuloma biology and concur-
rent advances in the cardiovascular care of CS in light of recent guideline recommendations.

Summary Here, we review advances in the understanding of the sarcoidosis granuloma along with contemporary diagnos-
tic and therapeutic considerations for CS. Additionally, we highlight knowledge gaps and areas for future research in CS

treatment.
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Introduction

In 1899, the dermatologist Caesar Boeck was the first to link
“sarcoma giant cells” with a multi-organ disorder comprised
of skin findings and lymphadenopathy [1]. More than a cen-
tury after Boeck’s description, the non-caseating granuloma
has become the defining feature of sarcoidosis. However,
the granuloma remains a mysterious entity, both in terms
of its pathobiology and its clinical manifestations. Imaging
modalities that identify scarring and inflammation, as a sur-
rogate for an active granuloma, have led to increased disease
recognition and diagnosis. Meanwhile, treatment approaches
have focused on attenuating granulomatous inflammation.
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The prevalence of sarcoidosis is estimated to be
0.10-0.16% among the US population, with a nearly 3.5-
fold increased incidence in African Americans compared to
Whites [2, 3]. Although only about 5% of patients with sys-
temic sarcoidosis have clinically manifest cardiac involve-
ment, the true prevalence of cardiac sarcoidosis (CS) is
likely underestimated. For example, autopsy studies suggest
that cardiac involvement occurs in up to 25% of patients with
sarcoidosis [4]. Because patients with sarcoidosis are at a
higher risk of death when they exhibit heart failure, atrioven-
tricular block, and ventricular tachycardia, the presence of
cardiac involvement is generally accepted to be an indication
for treatment [See, Gee].

Granulomagenesis

A Recipe for Sarcoidosis: Innate Susceptibility
and an Environmental Trigger

How and why sarcoidosis develops in some individuals
remains largely unknown. However, two key features have
emerged: innate susceptibility to sarcoidosis and the need
for a triggering event. Functional evidence for this “recipe”
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is best demonstrated by the Kveim-Siltzbach test, in which
sterilized splenic extracts from an individual with sarcoido-
sis are injected intradermally and followed for the develop-
ment of granuloma. The Kveim test has been reported to
have a sensitivity of 84%, compared to a 1-2% false positive
rate [7]. Thus, acellular splenic extracts (exposure) from an
individual with sarcoidosis are sufficient to instruct granu-
loma formation only in individuals with sarcoidosis (suscep-
tibility). Twin studies and genome-wide association studies
support a genetic basis for disease susceptibility, with vari-
ants of MHC Class II region genes, BTNL2, ANXA1I, and
NOTCH4 associated with sarcoidosis [8—10]. The second
component of sarcoidosis is an inciting environmental trig-
ger. For example, clusters of sarcoidosis, such as among
9/11 first responders, have been identified following mass
exposures to dust, composed largely of calcite, gypsum, bas-
sanite, and crystalline silica [11]. The triggering antigen, if
any, is likely to vary according to race or ethnic group, geo-
graphic location, and genetic background [12]. Some poten-
tial offenders include infectious agents such as Mycobacte-
rium and Propionibacterium, organic triggers, and inorganic
triggers such as metal exposures to beryllium, zirconium,
and aluminum [13].

Cellular Make-up of the Sarcoid Granuloma Granulomas,
part of an evolutionarily conserved response that arises when
monocytes are not fully able to clear an antigen, are typically
defined as foci of mature mononuclear phagocytes [14, 15].
The architecture of the granuloma is stereotypical with a
central core of macrophages, surrounded by lymphocytes,
fibroblasts, blood vessels, and epithelioid cells (Fig. 1).
However, the extent of these additional cellular contributions
can vary among individuals and even among granulomas.
Granulomas are not specific to sarcoidosis and are observed
in other conditions including, but not limited to, Mycobacte-
rial infections, fungal infections, Crohn’s disease, vasculitis,
foreign body reactions, and inherited genetic disorders such
as chronic granulomatous disease [16].

The prevailing mechanism for sarcoidosis is that phago-
cytosis of an unknown antigen by an antigen-presenting
cell triggers a granulomatous program in macrophages
along with activation of an exaggerated CD4* T-helper 1
(Ty1) response, thus incorporating both innate and adap-
tive immune systems. Like other granulomatous disorders,
granulomas of sarcoidosis have a central core of monocyte-
derived epithelioid cells and giant cells, surrounded by
inflammatory lymphocytes. However, unlike other granu-
lomatous disorders, the central core of the sarcoid granu-
loma is not necrotic and thought to be sterile. Mechanisms
of granulomagenesis for sarcoidosis are largely based on
association studies using clinical specimens and lessons
learned from other granulomatous disorders.
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The different cells involved in granuloma formation are
the following:

T-cells. Several observations have implicated CD4"
T-cells as critical mediators of sarcoidosis, including
the observation that sarcoidosis can go into remission
in patients with HIV infection and can manifest during
immune reconstitution after the treatment of HIV/AIDS
[18-20]. Further supporting a role for CD4" T-cells are
analyses of bronchoalveolar lavage (BAL) samples from
individuals with sarcoidosis demonstrating an enrichment
of CD4* Tyl and Ty17 T-cells [21]. Granuloma tissue
also shows upregulation of the Ty1 cytokines IFN-y,
TNF-a, IL-2, IL-12, and IL-18 [12, 21, 22]. Thus, like
Mycobacterial granulomas, the sarcoid granuloma is
canonically associated with type I immune signaling. In
addition to Tyl T-cells, studies on BAL samples sug-
gest that specialized T}, cells, which serve to dampen
the adaptive immune response, are relatively depleted or
ineffective in patients with sarcoidosis [23, 24].
Macrophages. Macrophages and their derivatives are the
defining feature of the granuloma. Through single cell
hanging drop experiments and genetic lineage tracing,
macrophages have been shown to be the cellular source
of multinucleated giant cells and epithelioid cells [25,
26]. Interestingly, although both Mycobacterial and
sarcoid granulomas are archetypically type I cytokine-
mediated structures, recent work in a zebrafish Mycobac-
terial model has implicated type 2 cytokine signaling via
IL4 and STAT®6 as the key mediators of the transition
of macrophages to epithelioid cells [27]. Importantly,
interference with epithelioid transformation by blockade
of epithelioid junction proteins or STAT6 signaling pro-
motes pathogen clearance and can even prevent granu-
loma formation [26, 27]. Additionally, both M1 and M2
macrophage responses have been implicated in CS: the
pro-inflammatory M1-type is associated with granuloma
formation and the anti-inflammatory M2-type is associ-
ated with angiogenesis and a Ty;2 response. M2-type mac-
rophages can also influence early granuloma formation
and promote fibrosis by recruiting and activating fibro-
blasts to make collagen [28].

Other cell types. In addition to T-cells and macrophages,
the granulomas of sarcoidosis incorporate other cell types
including B-cells, mast cells, and fibroblasts. B-cells tend
to be localized in the outer layer of the granuloma and
circulating levels of B-cell activating factor (BAFF) are
increased in patients with sarcoidosis. Although their role
in CS remains to be understood, mast cells may be a mod-
ifier of disease severity, as they can produce TNF-« that
activates CD8" T-cells; are more numerous in patients
with high inflammatory activity; and are associated with
a more severe disease course [29]. Lastly, fibroblasts are
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Fig. 1 Granuloma-centered
approaches to CS treatment.
Current sarcoidosis treatments
target antigen presentation,
T-cell activation, inflammatory
chemokines, and granuloma
formation [17]. APC, antigen-
presenting cell; Th1/Th17
effector T-cells; TNF, tumor
necrosis factor; IFN, interferon;
IL, interleukin
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mediators of tissue fibrosis and sources of cytokines, like
IL-6, that can enhance the inflammatory response [30,
31].

Cardiac Sarcoidosis

Cardiac Manifestations Clinical phenotypes of CS can
be a result of active inflammation or sequelae of fibro-
sis [32]. The two most common presentations of CS are
arrhythmia, including both brady-arrhythmias and tach-
yarrhythmia, and heart failure, with either reduced ven-
tricular function or preserved ventricular function. Unlike

other infiltrative disorders of the myocardium, sarcoidosis
results in patchy granulomatous infiltration and clinical
presentations largely follow the location and extent of
CS within the heart. While sarcoidosis can affect nearly
any region of the heart, there appears to be a tropism for
the basal septum and right ventricular myocardium for
unclear reasons [33]. This preference for the basal septum
correlates with the heart block seen in about 30-40% of
individuals with CS [34, 35]. One of the goals of treatment
in CS is to limit the amount of fibrosis and tissue loss.
However, at present, high-quality evidence is lacking to
demonstrate that early treatment of sarcoidosis improves
outcomes [32, 36, 37].
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Diagnosing CS

Diagnostic Criteria As a result of increasing recognition of
CS, several societies have developed diagnostic criteria that
include clinical and histologic elements. The first guidelines
were released by the Japanese Ministry of Health and Welfare
in 1993 and have since been updated by the Japanese Society
of Sarcoidosis and Other Granulomatous Disorders in 2007
and the Japanese Circulation Society (JCS) in 2016 [32, 38,
39]. The 2016 JCS guidelines require either (1) a histologic
diagnosis guided by the presence of non-caseating granulo-
mas on endomyocardial biopsy in an individual with clinical
features of sarcoidosis or (2) a clinical diagnosis established
by the presence of 2 major criteria or 1 major and 2 minor
criteria along with a histologic or clinical diagnosis of ext-
racardiac sarcoidosis (Table 1, part A) [6ee, 32]. Diagnostic
guidelines have also been developed by the Heart Rhythm
Society (HRS) that similarly requires histologic and clinical
criteria (Table 1, part B) [6ee]. For both sets of guidelines,
advances and wider prevalence of imaging techniques that can
identify cardiac inflammation have led to the use of clinical
criterion without the need for confirmatory histology.

To help unify the HRS and the 2007 Japanese guidelines and
increase diagnosis of CS, the World Association of Sarcoido-
sis and Other Granulomatous Diseases (WASOG) created an
organ assessment tool [40]. The goal of this tool is to identify

the likelihood of organ involvement as highly probable (>90%
likelihood) based on biopsy with presence of granulomas; prob-
able (50-90% likelihood) based on HRS criteria (Table 1, part
B); and possible (< 50% likelihood) in those with reduced left
ventricular ejection fraction (LVEF) in the absence of other risk
factors and in those with atrial dysrhythmias [40].

While these diagnostic criteria have greatly enhanced the rec-
ognition of CS, considerable limitations remain. First, requiring
the presence of extracardiac disease disregards individuals with
isolated CS [41]. To date, the true prevalence of isolated CS is
unknown given the prior requirements for histological evidence
of extracardiac CS for diagnosis; however, an autopsy study of
46 army patients with sudden cardiac death and known or sus-
pected CS suggest a rate of isolated CS of 29% [33]. To help
identify individuals with isolated CS, the JCS 2016 guidelines
allow for a clinical diagnosis of isolated CS based on imag-
ing findings and at least three major criteria (Table 1, part A)
[42e¢]. Applying the 2016 JCS guidelines to a cohort of 94
patients with suspected CS led to a diagnosis of isolated CS in
20% of cases. However, diagnoses based on imaging alone may
lose specificity for CS. Finally, different diagnostic criteria are
not always in agreement. In fact, the 2016 JCS guidelines had
a 1.5-fold higher diagnostic yield for diagnosis of CS, with a
sensitivity of 81% and specificity of 87% when compared to the
HRS and WASOG guidelines [42ee].

Table 1 Criteria for the diagnosis of CS based on JCS (A) and HRS (B) criteria

(A) 2016 JCS criteria for the clinical diagnosis of CS

Major criteria

1. High-grade AV block or fatal ventricular arrhythmia (sustained
ventricular tachycardia, and ventricular fibrillation)

2. Basal thinning of the interventricular septum or abnormal ventricu-
lar wall anatomy (ventricular aneurysm, thinning of the middle or
upper ventricular septum, regional ventricular wall thickening)

3. Left ventricular contractile dysfunction with LVEF <50% or focal
ventricular wall asynergy

4. %7 Ga citrate scintigraphy or '3F-FDG PET with abnormally high
tracer accumulation in the heart

5. Gadolinium-enhanced cMRI reveals delayed contrast enhancement
of the myocardium

Minor criteria

1. Abnormal ECG findings with ventricular arrhythmias, abnormal axis
deviation or Q waves, complete right bundle branch block

2. Perfusion defects on nuclear medicine study

3. Endomyocardial biopsy with moderate or severe myocardial intersti-
tial fibrosis or monocyte infiltration

(B) Heart Rhythm Society (HRS) consensus statement for diagnosis of CS

Histological diagnosis

Endomyocardial biopsy specimens with non-caseating epithelioid
granulomas and no alternative cause identified

Clinical diagnosis

Histologic diagnosis of extracardiac sarcoidosis and one or more of the
following is present, while reasonable alternative cardiac causes other
than CS have been excluded:

e Corticosteroid or immunosuppressive therapy responsive cardiomyo-
pathy or heart block

e Unexplained reduced LVEF (<40%)

o Mobitz type two 2nd degree heart block or 3rd degree heart block

o Depressed LVEF < 50%

e Patchy uptake on cardiac FDG-PET in a pattern consistent with CS

o LGE on cMRI in a pattern consistent with CS

o Positive gallium uptake in a pattern consistent with CS
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Clinical Criteria In general, CS should be considered in
younger patients with unexplained arrhythmias and in
patients with heart failure with scar patterns inconsistent
with coronary heart disease. A study of 351 cases of CS
revealed high-grade atrioventricular block was the most
common first sign of CS present in 42% of cases, followed
by heart failure in 17% of cases, sudden cardiac death in
14% of cases, and sustained ventricular tachycardia in 14%
cases [43].

For individuals with suspected CS, current guidelines rec-
ommend that a cardiac history, electrocardiogram (ECG),
and echocardiogram be performed in patients with extracar-
diac sarcoidosis in order to screen for cardiac involvement.
In those with positive symptoms and abnormal ECG and/
or abnormal echocardiogram, advanced cardiac imaging
with cMRI and/or cardiac PET is recommended [6ee]. This
recommendation is based on expert opinion and is likely to
underestimate occult cardiac involvement due to the insensi-
tivity of electrocardiography and echocardiography for CS.
Holter testing may be another cardiac test to help risk strat-
ify individuals with sarcoidosis for arrhythmic events. Data
from a CS multicenter international registry of 587 patients
with CS showed Holter monitoring can identify high-risk
features such as atrial fibrillation/atrial flutter, atrioventricu-
lar block, premature ventricular contraction (PVC) burden,
and ventricular tachycardia [44].

Histologic Criteria In the presence of a compatible clinical
syndrome, histologic demonstration of non-caseating gran-
ulomas in the myocardium is the only way to definitively
diagnose CS. Thus, in patients with a compatible presen-
tation and cardiac magnetic resonance imaging (cMRI) or
position emission tomography (PET) findings consistent
with CS, right ventricular endomyocardial biopsy is often
considered. It is key to differentiate the non-caseating sar-
coid granuloma from the caseating granulomas seen in
tuberculosis and the giant cells with active necrosis seen in
giant cell myocarditis. However, due to the patchy nature
of myocardial involvement by sarcoidosis, sampling error
from right ventricular endomyocardial biopsies is common
with diagnostic yield ranging from ~ 20 to 30% in cases of
suspected CS [45, 46]. Given the low sensitivity of endo-
myocardial biopsy, a diagnosis of CS cannot be ruled out
with a negative biopsy result. Thus, for many patients, the
risk/benefit ratio of endomyocardial biopsy to diagnose CS
may not be favorable and biopsy may not be advised. Dif-
ferent strategies have been proposed to help increase biopsy
sensitivity and diagnostic yield. Electro-anatomical mapping
of the right and left ventricle may increase the sensitivity of
endomyocardial biopsy for sarcoidosis by enabling the sam-
pling of abnormal myocardium. A study of 79 patients with
suspected CS who underwent electrogram-guided (EGM)

endomyocardial biopsy showed abnormal EGM at the
biopsy site had a sensitivity of 89% and specificity of 33% for
a histopathologic diagnosis of CS when compared to late gad-
olinium enhancement on cardiac MRI and cardiac PET [47].
While EGM-guidance may increase biopsy yield, additional
work is needed to determine whether EGM-guided biopsy
has enough sensitivity to warrant routine implementation.

Imaging Criteria Cardiac MRI with gadolinium contrast is
an important imaging modality for the diagnosis of CS. Gad-
olinium is an extracellular contrast agent with slow washout
from areas of fibrosis and inflammation, enabling identifica-
tion of sarcoidosis based on scar pattern [48]. CS classically
presents with a patchy LGE appearance but can also present
with a variety of LGE patterns involving the subendocardial,
transmural, mid-wall, and epicardial segments [49]. LGE
involvement of the base, mid-ventricle, and subendocardial
involvement of the right ventricular side of the septum may
increase the specificity for CS [41, 50ee]. Cardiac MRI can
be also useful for staging. The acute inflammatory stage of
CS is marked by myocardial thickening with wall motion
abnormalities, increased T2-weighted signal suggestive of
edema, and LGE. In the chronic stage, the prevalent findings
are focal areas of myocardial thinning with LGE, most com-
mon in the basal septum although it can be found in other
areas. These areas of LGE in the chronic stage represent scar
and/or chronic granulomatous tissue rather than inflamma-
tion [Nadel, 2016], [50ee]. Cardiac MRI can also be used to
differentiate CS from other arrhythmogenic cardiomyopa-
thies, with mediastinal lymphadenopathy and left ventricular
septal involvement being more common in the former [51].
However, there are absolute and relative contraindications
to cMRI such as allergy to gadolinium contrast, presence of
non-MRI compatible implants or foreign bodies, and renal
insufficiency that limit the use of cMRI [52].

In addition to cMRI, the use of fluorodeoxyglucose
PET (FDG-PET) can be valuable to diagnose and guide
the treatment of CS. Inflammatory lesions have a high rate
of metabolic activity and glucose utilization that results in
increased FDG uptake. Some limitations of this modality
include exposure to ionizing radiation, the need for a spe-
cialized patient preparation consisting of low carbohydrate
meals followed by fasting, and the inability to differentiate
inflammation from non-inflammatory myocardial uptake,
especially in insulin-dependent diabetics [53, 54]. However,
a meta-analysis looking at the role of FDG-PET in diagnosis
of CS showed 89% (CI 79-96%) sensitivity and 78% (CI
68-86%) specificity compared to the Japanese Ministry of
Health, Labour, and Welfare (MHLW) guidelines diagnostic
criteria [54]. Data from a recent meta-analysis of 33 studies
comparing the diagnostic accuracy of cMRI versus FDG-
PET suggested cMRI had higher sensitivity than FDG-PET
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(95% vs 84%; P=0.002), with no difference in specificity
(85% vs 82%; P=0.85) [55]. However, rather than being
an either/or set of modalities, cMRI and FDG-PET may be
synergistic. Such an approach provides a pathway for detec-
tion of active CS among patients with no LGE but abnor-
mal uptake on PET and abnormal T1/T2 mapping [56]. A
simultaneous approach with FDG uptake co-localizing with
LGE on cMRI has been shown to help predict major adverse
cardiac events in CS compared to FDG uptake or LGE alone
(HR 14.9, P=0.001) [57].

In recent years, imaging modalities have become a useful
adjunct to titrate immunosuppressive therapy. FDG-PET-
guided treatment may enable steroid weaning in patients
without evidence of active disease at 1 year of therapy [Ning,
2019]. Moreover, a myocardial FDG uptake index > 30 and
LVEF >40% on pre-treatment FDG-PET has been shown to
be a predictor of clinical and electrocardiographic response
to treatment (HR 1.28 and 1.61, respectively) and had a cor-
relation with change in LVEF after immunosuppression [58].
The baseline maximum standardized uptake value (SUV ,,)
and degree of metabolic response on FDG-PET after treat-
ment with steroids have also been shown to help distinguish
patients with higher risk of relapse and with worse progno-
sis [58]. Similar to FDG uptake, changes in myocardial T2
signals before and after treatment can be used to assay for
active inflammation and guide therapy [59, 60]. The optimal
timing on the use of FDG-PET and/or cMRI to help guide
response to therapy, predict relapse, and guide medication
titration or device implantation remains to be determined.

Serum Markers Although several biomarkers have been
proposed, no single serum marker is specific or sensitive
enough to help with diagnosis and/or to guide response to
therapy in CS. For example, serum angiotensin-converting
enzyme (ACE) levels are elevated in 60% of patients with
sarcoidosis but are also frequently elevated in other inflam-
matory states [61, 62]. Furthermore, ACE levels cannot be
used to aid diagnosis or disease monitoring in individu-
als taking concurrent ACE inhibitors [63]. More recently,
other inflammatory markers such as the soluble interleukin
2 receptor (sIL-2R) which is made by activated T-cells and
serum adenosine deaminase 2 (ADA-2) levels have been
proposed as inflammatory biomarkers of diagnostic and
prognostic significance for sarcoidosis [64, 65].

In addition to inflammatory biomarkers, cardiac markers
have been used to follow CS. NT-proBNP is a marker of
cardiac stress and has been shown to be elevated in patients
with CS [Handa, 2010]. High-sensitivity cardiac troponin
(hs-cTn), released with myocardial injury, may be compa-
rable to BNP in terms of sensitivity (87.5% vs 87.5%) and
superior in terms of specificity (75% vs 50%) [66]. Moreo-
ver, hs-cTn has the potential to be used to follow treatment
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response in patients with CS. Prior work showed that up to
67% of patients with new-onset CS had elevated hs-cTn lev-
els, which normalized after 4 weeks of steroid therapy [67].
However, the value of serial hs-cTn and/or NT-pro BNP
levels has yet to be determined.

Treatment of CS: A Focus on the Granuloma
Immunosuppression

Current recommendations for treatment are largely based
often on single-center experiences and/or consensus opinion
[6e¢] [Supplementary Material]. The decision to treat with
systemic immunosuppression is often personalized based
on severity of disease and patient-risk. The HRS guidelines
recommend starting immunosuppression in patients with
active CS as evidenced by findings of active inflammation
on cMRI and/or positive uptake on FDG-PET along with
any of the following: high-degree AV block, frequent ven-
tricular ectopy, and non-sustained or sustained ventricular
arrhythmias [6ee]. To date, there is no clear consensus on
whether to treat asymptomatic individuals with CS and posi-
tive imaging findings on CMR and/or FDG-PET. However,
based on what is known about the pathophysiology of CS, a
goal of treatment is to prevent potentially irreversible myo-
cardial fibrosis and adverse LV remodeling that can lead to
intractable arrhythmias and heart failure [68].

Steroids Steroids are considered the first-line treatment in
patients with active CS based on expert consensus [6ee, 69].
Steroids reduce inflammation and may attenuate granuloma
formation [70]. Observational datasets suggest a benefit to
the use of steroids, and response to steroids is a diagnostic
criterion in the HRS guidelines [6e¢]. Treatment of active
sarcoidosis with glucocorticoids has been associated with
less ventricular dysfunction over time [71-75]. Even in
individuals with severe LV dysfunction, steroids have been
associated with recovery of ventricular function [67]. Steroid
effects on arrhythmia are more mixed, with a likely benefit in
the treatment of AV conduction disorders, but less prominent
effects on ventricular arrhythmias [69, 76-78].

Many questions remain on steroid dosing and duration
of therapy to prevent long-term side effects. An ongoing CS
Randomized Trial (CHASM-CS-RCT) was designed to help
answer this question. The results of this trial are expected
within the next 4 years and will likely provide more clarity
on the initial approach to treatment of CS [79ee].

Steroid-Sparing Agents Because long-term steroid use
is associated with numerous adverse effects, such as



Current Allergy and Asthma Reports (2022) 22:171-182

177

hypertension, diabetes, weight gain, osteoporosis, and
increased risk of infections, steroid-sparing agents are
being increasingly used for CS. Steroid-sparing agents may
be considered adjunctive measures to limit steroid dosing
in CS and improve treatment responses. The combination
of steroids and immunosuppressive drugs at the time of CS
diagnosis might reduce the risk of CS relapse compared to
steroids alone, with relapse rates of 45.8% in the steroid
group versus 16.7% in the steroids and immunosuppression
group (P =0.048) [80].

Methotrexate (MTX) is the most widely studied steroid-
sparing agent for CS. The mechanism of action of metho-
trexate is thought to be antimetabolite formation in T-helper
cells [81]. Methotrexate along with corticosteroids has been
associated with lower rates of CS relapse compared to treat-
ment with steroids alone. Relapse in this study was defined
by several surrogate endpoints, including LVEF, BNP levels,
and cardiothoracic ratio on chest radiograph [See, 73].

Mycophenolate mofetil (MMF), a prodrug of mycophe-
nolic acid (MPA), is another antimetabolite that has been
studied as steroid-sparing therapy for CS. MPA depletes
guanosine nucleotides preferentially in T and B lymphocytes
and inhibits their proliferation, further suppressing adap-
tive immune responses and antibody formation. MMF use
was associated with improved survival on univariate analy-
sis from a single-center cohort of 73 patients with CS, 10
out of which were treated with MMF [82]. More recently, a
retrospective study of 77 patients with CS treated with pred-
nisone (n=232) or prednisone plus MMF (n=45) showed
MMF therapy was well tolerated, and that combination ther-
apy led to a lower total exposure to maximum prednisone
dose (P=0.06) [83ee].

Azathioprine is an inhibitor of purine synthesis that
leads to inhibition of T- and B-cell proliferation and cyto-
toxic T-cell function [84, 85]. To date, there are no large
prospective studies looking at the use of single steroid-
sparing agents on CS treatment. Data is extrapolated from
small retrospective studies. In one such analysis, 12
patients receiving steroid-sparing treatment with methotrex-
ate (n=>5), azathioprine (n=5), or cyclophosphamide (n=2)
were compared to 24 patients receiving steroid-only therapy
over a median follow-up of 3.6 months. Clinical relapse
(defined as LVEF reduction, 3rd degree atrioventricular
block, atrial/ventricular tachycardia, or sudden cardiac
death) was seen in 16.7% of patients in the combination
therapy group versus in 45.8% of patients in the steroid-only
group (P=0.048) and there was a tendency toward lower
relapse rates in the combination therapy group compared
to the steroid-only group (HR =2.96; 95% CI 0.66-13.48;
log-rank, P =0.141) [80]. Although hypothesis generating,
currently available studies have many limitations including
small sample size, retrospective approach, short follow-up

time, and different disease severities among treatment
groups.

Biologics TNF-a inhibitors, which directly antagonize the
Tyl cellular response, have been increasingly used in CS.
Most studies have focused on infliximab, a chimeric mono-
clonal antibody which binds circulating TNF-a, and adali-
mumab, a fully human monoclonal antibody that inhibits
TNF-a binding to its receptor. Anti-TNF agents are con-
troversial in patients with heart failure, based on prior trial
results. Infliximab was evaluated in the phase II clinical
trial Anti-TNF-o Therapy Against Chronic Heart Failure
(ATTACH) that randomized patients with stable NYHA
ITII-IV and LVEF of <35% to either infliximab or placebo.
Infliximab was associated with a dose-related increase in
death and heart failure hospitalizations when compared to
placebo. Of note, adverse outcomes were seen only with the
highest dose of infliximab (10 mg/kg) which was associated
with an increase in all-cause mortality and number of HF
hospitalizations [86].

Recent work has challenged the extrapolation of safety
concerns for anti-TNF agent use from patients with heart
failure to patients with CS. For example, in a cohort of 20
patients receiving TNF-a inhibitors, none had worsening
heart failure, and all had clinical benefit. Out of the patients
treated with TNF-a inhibitors, repeat imaging showed reso-
lution of disease activity [87]. Another retrospective study
of 16 patients with CS and refractory dysrhythmias, moder-
ate to severe cardiomyopathy, and persistent FDG uptake
on PET showed treatment with infliximab led to a reduc-
tion in prednisone-equivalent steroid doses from a median
of 20 to 5 mg at 12 months post-initiation of infliximab
(P<0.001). Additionally, there was a trend toward reduc-
tion of ventricular tachycardia events from 32 at baseline
to 19% at 12 months (P=0.07) [88]. Despite concerns that
TNF-a inhibitors can worsen heart failure, there were no
patients with a notable decline in LVEF at 1 year, and most
patients saw an improvement. Another multicenter study of
TNF-a inhibitor use in 38 patients with CS, guided by FDG-
PET response to treatment, showed reduced corticosteroid
use and reduced cardiac inflammation without significant
adverse effect on cardiac function with TNF-a inhibitors
[89]. A recent retrospective cohort of 9 patients with meta-
bolically active CS (based on PET imaging) showed that 6
of the 9 patients had complete resolution of active CS and
no change in LVEF during the follow-up period [90ee]. The
body of evidence on the use of TNF-a inhibitors continues
to grow and a multicenter randomized trial is clearly needed
to definitively address the question of safety and efficacy of
anti-TNF agents in patients with CS.

The story on immunosuppressive therapy continues to
unfold and other agents on the frontier for CS treatment
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include rituximab, a chimeric monoclonal antibody against
the protein CD20, primarily found on B-cells. Rituximab has
been used in the management of CS cases that have failed
treatment with steroids + steroid-sparing agents. A recent
review of a single-center use of rituximab in 7 patients with
active CS showed a reduction in inflammation as measured
by cardiac FDG PET/CT uptake in 6 of 7 patients with LVEF
improvements or stabilization in 4 patients and a decrease
in 3 [91].

Concurrent Management of Cardiovascular
Disorders

Along with the immunosuppression, patients with CS should
be treated with guideline-directed medical therapy (GDMT)
for heart failure. The scope of the heart failure guidelines
will not be discussed in this review but patients with CS
should be considered to be American Heart Association
(AHA) stage B in the absence of overt heart failure and
AHA stage C/D disease depending on the severity of heart
failure [92].

In addition to GDMT, concurrent management of car-
diovascular disorders includes arrhythmia management.
Antiarrhythmic therapy should include beta-blockade and/
or drugs that prolong repolarization such as amiodarone and
sotalol. The use of class IA antiarrhythmic drugs is not rec-
ommended in patients with low LVEF [93ee]. A key ques-
tion is whether the arrhythmogenesis in CS is mediated by
inflammation or scar. Imaging by PET-CT or cardiac MRI
can be instructive and is recommended. Persistent inflamma-
tion despite immunosuppression should prompt either addi-
tion of a second agent or consideration of transplantation.
For scar-mediated ventricular arrhythmias, catheter ablation
is an option to consider in select patients with CS. A multi-
center analysis looking at patients with CS undergoing VT
catheter ablation showed that antiarrhythmic drug require-
ments and defibrillator shocks were reduced, and VT storm
was eliminated in 82% of patients with CS over a follow-up
of 2.5 years. In this study, pre-ablation EF < 50% was associ-
ated with worse long-term prognosis [94].

Lastly, an important consideration in the management of
CS is the use of intracardiac defibrillators (ICD) to prevent
sudden cardiac death. While low LVEF is a strong risk factor
for ventricular arrhythmias and sudden cardiac death in CS,
those with normal or near-normal LVEF also carry substan-
tial risk. For CS patients with an indication for permanent
pacing, there is a class Ila recommendation for concurrent
ICD placement in those with a history of unexplained syn-
cope or extensive scar by cardiac MRI or PET, but the extent
of scar considered for ICD recommendation is not yet known
[93ee]. In diseases such as hypertrophic cardiomyopathy
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(HCM), LGE burden > 15% doubles the risk of sudden car-
diac death, although recent studies suggest patients with
HCM and > 5% LGE should be carefully considered for ICD
implantation [95]. Moreover, CS is an inflammatory condi-
tion with a different pathophysiology to HCM and applying
similar cutoffs might underestimate arrhythmia risk among
individuals with a lower burden of LGE.

Outside of those with an indication for pacing, which CS
patients with normal ventricular function should be consid-
ered for primary prevention ICDs has not been determined
[96]. The ACC/AHA/HRS guidelines give a class I recom-
mendation for primary prevention ICD in individuals with
CS who have inducible ventricular arrhythmias on EP study
[6ee, 93ee]. However, which patients might qualify for EP
study is not well defined. Alternatively, ambulatory event
monitoring might help risk stratify patients for primary pre-
vention ICDs [44].

Advanced Heart Failure Therapies As the identification of
CS increases, the number of patients needing advanced
heart failure therapies such as left ventricular assist devices
(LVAD) and/or cardiac transplantation continues to increase.
Heart transplantation is an increasingly common option in
CS patients with end-stage heart failure or refractory ven-
tricular arrhythmias. There are important considerations to
keep in mind when evaluating CS patients for LVAD or heart
transplantation and these include the degree of extracardiac
involvement and the degree of RV involvement. Moreover,
LVAD therapy is not considered a therapeutic option in
patients with refractory ventricular arrhythmias as LVAD
support may not prevent arrhythmia burden and may be less
effective with persistent arrhythmia [97]. However, CS is not
an absolute contraindication for LVAD support, as carefully
selected patients with CS who underwent LVAD implanta-
tion as a bridge to heart transplantation can have similar
1- and 5-year survival to other patients with non-ischemic
cardiomyopathies [98].

A recent study of 227 patients with CS undergoing heart
transplantation showed similar post-transplantation out-
comes in terms of survival, post-transplant malignancy,
odds of graft failure, and infection as patients without car-
diac sarcoidosis [99ee]. Another recent study showed that
short-term and long-term outcomes after heart transplanta-
tion are similar among patients with CS compared to those
with other types of non-ischemic cardiomyopathies [100].
Although there is a small risk of CS recurrence post-trans-
plant and donor to recipient transmission, there are only case
reports of this happening, and it has been suggested that con-
temporary immunosuppression regimens used for transplant
recipients may limit progression of sarcoidosis [100, 101].
Overall, outcomes after transplantation for CS are favorable.
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Discussion

CS is a dynamic field, with increasing disease recognition of
affected patients and new diagnostic and treatment modali-
ties on the horizon. However, key questions remain as to the
optimal approaches for diagnosing, following, and treating
CS. In the absence of multicenter, randomized clinical trials,
guidelines are largely based on expert opinion.

Our center relies heavily on imaging for the diagnosis of CS
(both cMRI and FDG-PET). We strongly pursue a histologic con-
firmation of sarcoidosis to increase the probability that imaging
patterns are specific for sarcoidosis. In cases without apparent
extracardiac disease and when imaging predicts involvement of
the right ventricular septum, we pursue endomyocardial biopsy to
confirm the diagnosis of CS. Additionally, we use T2 signal and
changes in scar burden on cardiac MRI, changes in FDG uptake,
changes in systolic function, and arrhythmia burden on ICD inter-
rogation to determine treatment responses.

Our decision to treat is based on the probability for cardiac
sarcoidosis and patient-level risk. We use a similar probabilistic
approach to CS diagnosis as the one used by WASOG and HRS
guidelines [6ee, 40]. For possible CS and low-risk features, we
clinically observe these patients for symptoms or progression of
imaging findings. For patients with possible CS and high-risk
features, or probable/definite CS, we treat. Our initial treatment
generally consists of 0.5 mg/kg prednisone daily (max dose
40 mg) followed by imaging to assess for disease progression at
3 months. If there is evidence of active disease on repeat imaging,
we escalate therapy to include a steroid-sparing patient and/or an
anti-TNF agent. In cases with isolated CS and disease refractory to
prednisone, we pursue voltage-guided biopsy to verify a diagnosis
of CS. For patients that respond to prednisone, we transition to
a steroid-sparing regiment for at least 1 year with interval imag-
ing to confirm disease quiescence. After 1 year, we use a shared
decision-making approach to determine whether to continue or
discontinue immunosuppression based on surveillance imaging.
In addition to immunosuppression, we treat systolic dysfunction
and arrhythmias based on the guidelines cited earlier. Finally, and
perhaps most importantly, we utilize a multidisciplinary approach
with heart failure cardiologists, electrophysiologists, radiologists,
and rheumatologists to make individualized treatment decisions.

While most centers utilize a similar approach, the lack
of data driving the management of sarcoidosis needs to be
acknowledged and addressed.

Conclusion

This review illustrates how many key questions around how
to diagnose CS, which patients to treat, what the optimal
approach to treatment is, how to assess treatment responses,
and when to discontinue treatment remain unanswered.

Moving beyond single-center retrospective studies to prag-
matic, multicenter randomized studies will be critical to
advance the field with high-quality data. Doing so will help
elucidate which treatments are consistently beneficial across
different centers and patient populations.
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