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Abstract

Background——Although cardiac magnetic resonance (CMR) and positron emission
tomography (PET) detect different pathological attributes of cardiac sarcoidosis (CS), the
complementary value of these tests has not been evaluated. Our objective was to determine the
value of combining CMR and PET in assessing the likelihood of CS and guiding patient
management.

Methods and Results——In this retrospective study, we included 107 consecutive patients
referred for evaluation of CS by both CMR and PET. Two experienced readers blinded to all
clinical data reviewed CMR and PET images and categorized the likelihood of CS as no (<10%),
possible (10%-50%), probable (50%—-90%), or highly probable(>90%) based on predefined
criteria. Patient management after imaging was assessed for all patients and across categories of
increasing CS likelihood. A final clinical diagnosis for each patient was assigned based on a
subsequent review of all available imaging, clinical, and pathological data. Among 107 patients
(age, 55+11 years; left ventricular ejection fraction, 43£16%), 91 (85%) had late gadolinium
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enhancement, whereas 82 (76%) had abnormal F18-fluorodeoxyglucose uptake on PET,
suggesting active inflammation. Among the 91 patients with positive late gadolinium
enhancement, 60 (66%) had abnormal F18-fluorodeoxyglucose uptake. When PET data were

added to CMR, 48 (45%) patients were reclassified as having a higher or lower likelihood of CS,
most of them (80%) being correctly reclassified when compared with the final diagnosis. Changes

in immunosuppressive therapies were significantly more likely among patients with highly
probable CS.

Conclusions——Among patients with suspected CS, combining CMR and PET provides
complementary value for estimating the likelihood of CS and guiding patient management.

Page 2

Keywords

diagnosis; heart failure; inflammation; sarcoidosis

Methods

Cardiac magnetic resonance (CMR) and positron emission tomographic (PET) imaging have
both emerged as useful methods to detect cardiac sarcoidosis (CS) and identify individuals
who have a higher risk of future adverse events.1=4 Each of these techniques has unique
advantages and disadvantages and is designed to evaluate different aspects of the
pathobiology of this disease. Although CMR is useful for evaluating fibrosis, PET is best
suited for visualizing and quantifying active inflammation. Several small studies have
compared CMR and PET but did not have sufficient number of patients to assess the
complementary value of these techniques.>~’

Therefore, we sought to compare the complementary value of CMR and PET to diagnose
and manage CS. Specifically, our objective was to determine the value of combining both
tests for determining the likelihood of CS, as well as guiding patient management.

The data, analytic methods, and study materials will not be made available to other
researchers for purposes of reproducing the results or replicating the procedure.

Study Population

We included 111 consecutive patients referred for evaluation of known or suspected CS by
both CMR and PET at Brigham and Women’s Hospital (Boston, MA) between May 2006
and July 2014. Patients with more than a year between PET and CMR (n=1) were excluded,
as were those with poor image quality (n=2) and prior heart transplant (n=1).

The final cohort comprised 107 patients. The median time between CMR and PET was 8
days (interquartile range [25th—75th percentile], 3-32 days). When considering the order of
testing, the majority of patients underwent CMR first, whereas only 12 were evaluated by
PET first. All decisions on immunosuppressive therapy were made after both tests were
available. The study was approved by the Partners Healthcare Institutional Review Board
and conducted in accordance with institution guidelines.
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Adjudication of the Imaging-Based Likelihood of CS

Two experienced cardiologists reviewed all CMR and PET images, blinded to all clinical
data. For each patient, the likelihood of CS based on CMR images alone was first evaluated.
Subsequently, the likelihood of CS based on PET imaging and on combining CMR and PET
images was determined. This sequence of image analysis was specifically designed to
simulate real-world practice where CMR is most often the initial test performed (Figure 1).
Discrepancies in imaging interpretation were resolved by consensus reading.

We used prior literature and expert consensus statements from the World Association of
Sarcoidosis and Other Granulomatous Disorders8 and Heart Rhythm Society® to categorize
the likelihood of CS in each patient as follows:

. No CS (likelihood, <10%): when there is no evidence of CS or an alternative
diagnosis was established.

. Possible CS (likelihood, 10%-50%): when imaging findings are not specific for
CS.8 In such cases, CS could not be excluded, and an alternative diagnosis was
more likely.

. Probable CS (likelihood, 50%-90%): when imaging findings are suggestive but
not definitive for CS.8

. Highly probable (likelihood, >90%): when imaging findings are highly specific
for CS.8

CMR Acquisition and Image Analysis—All CMR images were acquired on a 3.0-T
system as detailed in the Data Supplement. The presence and pattern of late gadolinium
enhancement (LGE) was classified as (1) subendocardial (2) midmyocardium, and (3)
subepicardial. Based on previously described patterns,19-16 expert consensus,® and our own
clinical experience, 1719 the likelihood of sarcoidosis based on CMR was categorized
according to the criteria listed in Figure 2.

Multifocal LGE was used to define a probable likelihood of CS (50%-90%) based on
magnetic resonance imaging when there were at least 2 noncontiguous areas that had LGE
in a noninfarct pattern (subepicardial or midmyocardial). Multifocal LGE could be classified
as probable (50%-90%) or highly probable (>90%). When other diagnosis (eg, myocarditis)
could not be ruled out, the likelihood was determined as probable. If no other alternative
diagnosis was found, the presence of several features was used to designate highly probable
CS: (1) involvement of the basal anteroseptum and inferoseptum, which demonstrated
contiguous extension into the right ventricle (hook sign; Figure 2); (2) large amount of
intense LGE uptake in multiple segments (Figures 2 and 3).

Myocardial Perfusion and Metabolic Imaging—All patients underwent evaluation of
regional myocardial perfusion and metabolic imaging using either PET (n=84) or an
integrated hybrid protocol that includes single photon emission computer tomography
myocardial perfusion imaging and F18-fluorodeoxyglucose (FDG) PET (n=23). For
simplicity, we will refer to PET as an operational term that is inclusive of both perfusion
with PET or single photon emission computer tomography and metabolic imaging
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throughout the article. Full details on the imaging protocol are available in the Data
Supplement.

FDG images were categorized as normal, abnormal, or nonspecific. In abnormal cases, FDG
uptake was analyzed for each of the 17 myocardial segments and categorized as no uptake,
mild, or moderate/severe.20 Based on previously described patterns,1:21-23 the likelihood of
CS based on PET/computed tomographic imaging pattern was categorized according to the
classification shown in Figure 2.

Integrated CMR and PET Image Analysis—After the CMR and PET images were
both reviewed, the combined likelihood of CS based on all imaging results, but blinded to all
clinical information, was determined. In cases where the likelihood based on CMR and the
likelihood based on PET imaging differed, factors such as image quality, potential
alternative diagnosis, and certainty of diagnosis established by each individual modality
were all used to determine the combined likelihood. For example, if CMR findings
suggested probable CS (50%-90%) but PET imaging suggested possible CS (10%-50%) in
the setting of incomplete FDG suppression, then the combined likelihood was categorized as
probable CS. In such cases, the CMR results were more influential in determining the final
likelihood of CS. When either CMR or PET was limited in quality, the alternative
examination was also more influential in determining the combined likelihood of CS. In
other cases, when either CMR or PET imaging offered an alternative diagnosis, the
combined interpretation reflected the test that offered the lower likelihood of CS because the
clear presence of an alternative diagnosis would make CS unlikely. Finally, if both exams
were determined by readers to offer a similar level of certainty, then the combined likelihood
was categorized in between the likelihood offered by the 2 individual exams.

Integration of Imaging and Clinical Information in the Final Adjudication of the Likelihood

of CS

Because of the lack of a reliable gold standard for CS (which is a challenge related to all
studies in the field of CS), we used the Final Likelihood of CS as the reference against
which to examine the performance of CMR, PET, and the combination of both. The final
likelihood of CS was determined based on a comprehensive review of all available medical
records, clinical data, pathology data, imaging findings, and follow-up data. In addition, the
Japanese Ministry of Health, Labour, and Welfare criteria and Heart Rhythm Society expert
consensus statement criteria on the diagnosis and management of arrhythmias associated
with CS criteria were applied to each patient.® The final likelihood of CS was determined
according to the aforementioned categories and classified as no sarcoidosis, possible CS,
probable CS, and highly probable CS.

After reviewing both CMR and PET results, clinical features that increased the likelihood of
CS included improvement of FDG after immunosuppressive therapy, or the presence of
clinical sequelae of CS (eg, ventricular tachycardia and heart block) in individuals that had
known extra-CS and imaging features consistent with cardiac involvement. Conversely,
features that decreased the likelihood of CS included a known alternative diagnosis, which in
some cases relied on integrating family history or genetic testing. In addition, when present,
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other explanation for myocardial inflammation, such as myocarditis or underlying
inflammatory rheumatologic disease, decreased the likelihood of CS on the final diagnosis.
For example, if a subject categorized by imaging as having probable (50%-90%) CS was
found to have a clear alternative diagnosis by pathology or genetic testing, then the final
diagnosis was categorized as no CS (<10% likelihood).

On the contrary, the final diagnosis was categorized as highly probable (>90%) when there
was biopsy-proven sarcoidosis, cardiac imaging findings that were conclusive for cardiac
involvement by both CMR and PET, and clinical signs and symptoms that were consistent
with having CS.

Clinical Follow-Up and Event Adjudication

All patients were evaluated for downstream (ie, post-imaging) patient management and for
incident adverse events, including death from any cause and documented sustained
ventricular tachycardia. Change in immunosuppressive therapy was defined as initiation of
steroids therapy or when a nonsteroid immunosuppressive medication was added to a patient
who was already on steroid therapy.

Statistical Analysis

Results

All continuous variables were tested for normality. Continuous data are presented as mean
+SD, whereas categorical variables are presented as percentages. Statistical significance was
assessed using Fisher exact or Cochran—Armitage trend test for ordinal and dichotomous
variables. A 2-sided P value of <0.05 was deemed significant. To assess the incremental
diagnostic value of adding PET imaging to CMR, we evaluated the number of patients who
were reclassified as having a higher or lower likelihood of CS when both CMR and PET
imaging were evaluated together. Annualized event rates are expressed as the number of
patients having events (ventricular tachycardia or death) as a proportion of the number of
patients at risk divided by the number of patient-years follow-up. The event rates were
compared using the log-rank test.

Baseline Characteristics

The final study cohort consisted of 107 individuals, of whom most (n=104; 97%) had no
history of CS. At baseline, 37 patients (34%) had biopsy-proven (n=32) or clinically
diagnosed (n=5) extra-CS. Based on the Japanese Ministry of Health, Labour, and Welfare
criteria, 33 patients (31%) had CS, whereas when using the Heart Rhythm Society criteria,
33 (31%) had probable or definite CS.

Table 1 summarizes the baseline characteristics of the study population. The mean left
ventricular ejection fraction was 43+16%, and right ventricular ejection fraction was
40£13%. There were 25 patients (23%) with severely reduced left ventricular ejection
fraction (<30%). Nearly one third of the cohort (n=38; 35%) presented with ventricular
tachycardia, of whom 29 did not have previous diagnosis of sarcoidosis.
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Final Diagnosis of CS

When using all available information, 45 patients (42%) were classified as having a high
probability (ie, >90%) of CS as the final diagnosis, whereas 21 (19%) patients were
categorized as not having sarcoidosis, and of them, 18 (85%) ultimately had a clear
alternative diagnosis.

CMR Findings—Overall, 91 patients (85%) had LGE. Among these 91 patients with
positive LGE, only 54 (59%) had perfusion defects on PET. When evaluating the likelihood
of CS based on CMR, 57 patients (53%) had highly probable or probable CS, whereas 16
(15%) had no evidence of CS (Figure 4, left circle). There was 1 patient who had LGE but
was categorized as not having CS because the CMR demonstrated a clear alternative
diagnosis of arrythmogenic right ventricular cardiomyopathy.

Among patients who had LGE, the median number of involved segments was 4 (25th—75th
percentile, 2—6). The most common LGE pattern (n=90; 84%) was midwall and
subepicardial, although 31 (29%) patients also had subendocardial LGE involving at least 1
segment. Only 2 of these 31 patients were found to have obstructive coronary artery disease
on follow-up. Among the 91 patients with LGE, 21 (23%) had right ventricular involvement.

PET Findings—Abnormal FDG uptake was present in 68 patients (63%), whereas a rest
perfusion defect was observed in 59 patients (55%). Thirty-nine (36%) patients were
categorized as having normal FDG. Fourteen of these patients had diffuse (nonspecific)
FDG uptake, whereas the remainder (25 patients) had no FDG uptake.

Among the 68 patients with abnormal FDG uptake, the median number of involved
segments was 3 (25th—75th percentile, 2-5), and 47 (69%) also had a rest perfusion defect.
On the contrary, among the 39 individuals with negative or nonspecific FDG, 12 (31%) had
a rest perfusion defect.

Twenty-three patients (21%) were categorized as having highly probable (ie, >90%) CS by
PET. In contrast, 18 patients (16%) had no evidence of active CS. Figure 4 shows the
distribution of CS likelihood by PET.

Combined CMR and PET Findings—Table 2 shows the distribution of the PET and
CMR results. Among 16 patients with negative LGE, 8 (50%) had FDG uptake, and half of
them (n=4) had probable or highly probable CS (Table 2). Among the 91 patients with
positive LGE, 60 (66%) had abnormal FDG uptake. However, even among these 60 patients
that had abnormal LGE and FDG uptake, not all of them had probable or highly probable
CS, reflecting the fact that the pattern and extent of imaging abnormalities (Figure 2), rather
than just a binary interpretation of each imaging technique, were important in identifying the
final likelihood of CS.

Comparison of CMR With PET Findings on Per-Segment Analysis

The concordance between LGE and perfusion on a per-segment level was modest to high
with 82% of the segments being concordant (1500 of 1819). The concordance between LGE
and FDG was 76% (1384 of 1819).
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Reclassification of CS Likelihood—Although the overall distribution of CS likelihood
remained similar after adding PET data to CMR, there was significant reclassification.
Overall, 48 (45%) patients were reclassified as having a higher or lower likelihood of CS
(Figure 4; Table 3), and most of these reclassified cases occurred in patients who were
initially classified as having possible or probable CS based on CMR. Specifically, 17 of the
34 patients with probable CS on CMR were reclassified to a higher (n=9) or lower (n=8)
likelihood group after adding the PET information. Similarly, 16 of the 34 patients with
possible CS on CMR were reclassified to a higher likelihood group (Table 3).

Notably, combining both CMR and PET findings resulted in 12 new patients being
reclassified as highly probable (>90%) likelihood of CS. Among these 12 patients, 10 had a
final diagnosis of highly probable CS, and 5 experienced adverse events on follow-up.

Table 3 shows the final diagnosis and absolute numbers of events of all patients that were
reclassified by adding PET imaging after CMR. Among the 32 patients who were
reclassified to a higher likelihood of CS, 25 (78%) had a higher likelihood of CS on the final
diagnosis than was initially categorized based on CMR alone. Among the 16 patients who
were reclassified to a lower likelihood of CS, 11 (68%) had a lower likelihood of CS on the
final diagnosis than was initially categorized based on CMR alone.

Yield of Endomyocardial Biopsy Versus Imaging

Overall, 38 patients (35%) underwent endomyocardial biopsy (EMBX). In 3 of them, the
EMBXx was positive, 11 had nonspecific fibrosis, and the remaining 24 were negative.

When evaluating the imaging findings of the 38 patients who underwent EMBX, 34 had
positive LGE, and 21 (55%) had abnormal FDG uptake. Overall, 21 of these 38 patients
were ultimately diagnosed as having highly probable CS on follow-up, and all 21 had both
abnormal LGE and abnormal FDG findings.

Clinical Follow-Up

Downstream Patient Management—During follow-up, an implantable cardiac
defibrillator was implanted in 65 (60%) patients. Likewise, there was a significant increase
in the use of immunosuppressive therapies, as the use of steroids increased from 19% to
32%, whereas the use of other immunosuppressive therapies increased from 4% to 12%
(Table 1).

When examining these changes in patient management by the combined likelihood of CS
based on integrating both CMR and PET, there was no difference in implantable cardiac
defibrillator or pacemaker implantation between groups. However, there was a significantly
higher rate of changes in immunosuppressive therapy in patients reclassified as having a
higher likelihood of CS (Table 4).

Adverse Events—During a median follow-up of 1.7 years (25th—75th percentile, 0.76—
3.43), there were 27 events (7 deaths and 20 ventricular tachycardias). Of note, all 7 deaths
were attributed to cardiovascular causes.

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2019 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vita et al. Page 8
There were no significant differences in event rates when stratified by the various
classifications used to determine likelihood of CS. Although patients with no sarcoidosis had
the lowest numeric event rates, this difference was not statistically significant owing to the
small size of the subgroups that had no disease. Furthermore, among patients with LGE, the
presence or absence of FDG uptake was not associated with any differences in adverse
events (Figure 5; £=0.85).

Discussion

Our study showed that in selected patients with suspected CS, the combination of CMR and
PET findings provides complementary value for the diagnosis and management of CS. We
found that when PET information was added to CMR, ~45% of patients were reclassified to
having a higher or lower likelihood of CS, with 11% being reclassified to having highly
probable (eg, >90%) likelihood. Furthermore, we found that 2 of every 3 patients with
abnormal LGE uptake had myocardial inflammation by FDG PET. In such patients, having
both LGE and FDG uptake yielded an even higher likelihood of CS and identified candidates
for immunosuppressive therapies.

To our knowledge, this is the largest study to evaluate the complementary value of CMR and
FDG PET in CS. Although several small prior studies have compared the findings of CMR
to FDG PET,>7:24.25 these have been limited by small sample sizes and older CS
classification schemes.>8 Importantly, these prior studies offered a head-to-head comparison
rather than evaluating the complementary clinical value that results when both tests are used
together.

The complementary value of CMR and PET imaging likely reflects the fact that each of
these tests evaluates different aspects of the pathobiology of CS, which are relevant in
clinical decision making. In other words, if the 2 tests offered similar data, the value of
combining them would be substantially lower. Consistent with our results, the discordance
between CMR and PET has also been described in other studies comparing these 2
techniques.

Nevertheless, not all patients being evaluated for CS require both CMR and PET imaging.
Based on our findings, individuals who are most likely to benefit from PET after CMR
include the following groups: (1) equivocal or negative magnetic resonance imaging findings
in the setting of high clinical suspicion; (2) magnetic resonance imaging findings with
highly probable CS—in such cases, FDG PET could serve to identify inflammation/potential
role for immunosuppressive therapies. Conversely, there may be situations where CMR may
be helpful after an inconclusive PET examination. For example, there may be diffuse FDG
uptake involving the myocardium—a finding which could be because of incomplete
suppression of FDG28 from presumably normal myocardium rather than diffuse
inflammation.

Although both CMR and PET have been shown to have an important diagnostic and
prognostic role in evaluating patients with known or suspected CS,17:18 there remain
limitations to each technique and thus an important need to determine how to overcome
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these limitations by combining data from both exams. Our results suggest that combining
technique enables clinicians to better determine the likelihood of CS and decide on the role
of immunosuppressive therapies. Although the absence of LGE on CMR can rule out disease
in most patients and identify a favorable prognosis, FDG PET provides a better assessment
of the presence and extent of myocardial inflammation. Indeed, we found that among
patients with LGE, approximately one third had no FDG uptake, and thus would not benefit
from any immunosuppressive therapies. Although we observed that detecting inflammation
by FDG PET was associated with higher use of immunosuppressive therapies, there is no
randomized trial data to support the benefit of such treatments. Nevertheless, there are
several small retrospective studies that suggest that immunosuppressive therapy may be
associated with improved outcomes and a higher ejection fraction.2:27

Our study did not include T2 mapping by CMR, and it is possible that in the future, T2
mapping techniques may improve the ability of CMR to detect active inflammation,28
although to date, FDG imaging seems superior for such purposes. On the other hand, PET
imaging can be limited when FDG cannot be adequately suppressed by the myocardium, and
in the future, better tracers may offer more specific methods to detect myocardial
inflammation.

A common question faced by clinicians is whether to use CMR or PET for the initial
evaluation of patients with suspected CS. Based on prior recommendations’8:26.29 and our
study results (Figure 6), CMR is a reasonable first test in such cases. This recommendation
is partly based on the fact that absence of LGE on CMR is associated with an excellent
prognosis. Indeed, in a recent meta analysis of 7 studies, there were no cases of ventricular
tachycardia among patients with suspected CS and no LGE, with an annual rate of
cardiovascular death of only 0.6%.430:31 However, although rare, it remains possible to have
CS, which has active inflammation by FDG PET but no LGE by CMR. In our study, 8 of
107 individuals had abnormal FDG uptake in the absence of LGE, although only 2 of them
were ultimately categorized as having a high probability of CS on the final diagnosis.
Similarly, Soussan et al24 evaluated 35 patients with suspected CS by CMR and PET and
found 3 individuals with positive FDG who had negative LGE, noting that all of them were
negative by the Japanese Ministry of Health, Labour, and Welfare criteria. Ohira et al”
evaluated 30 patients with suspected CS and found that 4 of 30 patients had abnormal FDG
but negative CMR. In this study, the Japanese Ministry of Health, Labour, and Welfare 2006
criteria was used as the reference standard, and thus it remains unclear what proportion of
individuals with isolated FDG uptake truly have CS versus having an alternative explanation
for the observed FDG uptake.

It is important to highlight that all of our CMR and PET interpretations were performed
blinded to all clinical data. Interestingly, most cases read as highly probable had histo-
logical evidence of sarcoidosis. Conversely, most cases interpreted as no CS had a clear
alternative diagnosis once all clinical information was revealed.

Study Limitations

This study, as with all studies of the diagnostic accuracy for CS, is limited by the lack of an
appropriate reference standard. Several prior studies have shown the limitation of various
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clinical criteria and of EMBXx.19:32 Reflecting the low sensitivity and yield of EMBX, in our
study, among 35 patients who had a negative EMBX, 32 had evidence of CS by CMR; of
them, 21 also had abnormal FDG uptake by PET (Data Supplement). To overcome these
limitations, our study created a comprehensive final diagnosis, which was used as the
reference standard and which was based on all available medical records, imaging findings,
pathology data, and follow-up data. By incorporating all available information available by
longitudinal follow-up, our reference provides the optimum available method to determine
the ultimate likelihood of CS. A similar method for establishing the reference standard has
also been used by studies in other fields evaluating conditions in which a true gold standard
may not be available. Although our final diagnosis (ie, reference standard) was influenced
by imaging data, given the importance of imaging in the diagnosis of CS, it was not possible
to have a reference standard that did not include CMR and PET findings. Finally, the fact
that there were significant changes in in immunosuppressive therapy based on the combined
CMR and PET imaging interpretation (which was performed blinded to all clinical data)
reinforces the notion that this is clinically meaningful classification system.

Because the diagnosis of CS is often uncertain, particularly because there are other entities
that can cause myocar-dial inflammation, we used 4 ordinal categories to estimate the
likelihood of CS instead of using presence/absence of disease. Such a classification provides
different degrees of certainty on the likelihood of CS, as is also often required in clinical
practice when the diagnosis is unclear, and has also been used in prior statements.8 In such
cases, when the diagnasis is unclear, the term inflammatory cardiomyopathy may be used
when myocardial inflammation is detected. Although less specific, this term may be helpful
when other inflammatory conditions could be present.

Our predefined criteria (Figure 2) were developed a priori and were based on available
publications and prior experience on interpreting CMR and PET. Although these categories
have not been validated previously, they were applied consistently to all imaging data in an
objective manner, blinded to all clinical data. If further validated by others, these criteria
could possibly serve as a useful clinical or research tool in the future. Although our results
were based on the most robust imaging techniques available during the time of the study,
future advances in imaging (eg, improved detection of inflammation by CMR via T2
mapping) could influence our findings.

Another important limitation of our study is referral bias, because the study only included
individuals who were clinically referred to both CMR and PET. Although some patients
were ordered to have both tests a priori, in many cases, the second test (often PET) could
have been performed because of discrepant or inconclusive results from the first test (often
magnetic resonance imaging). As a result, there was likely a higher than expected proportion
of patients who had positive or inconclusive findings than would be expected. Nevertheless,
these are precisely the type of patients who would be most likely to benefit from having both
CMR and PET testing (ie, ones that have inconclusive or positive findings), and thus our
findings are highly relevant for the subgroup of individuals for whom both tests are being
considered.
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Among selected patients with suspected CS, combining CMR and PET imaging provides
important value for estimating the likelihood of CS and guiding patient management. Our
results show that integrating data from both of these techniques can enhance the diagnostic
certainty, particularly after inconclusive CMR or PET imaging results. Because 2 of every 3
patients with abnormal LGE uptake have myocardial inflammation, combining both tests is
also helpful in identifying the need for immunosuppressive therapies.2633
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Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVE

The diagnosis and management of patients with suspected cardiac sarcoidosis present a
significant challenge to general cardiologists, heart failure specialists, and
electrophysiologists. In part, these challenges are related to the absence of a single
reliable method to detect cardiac involvement, and accordingly, clinicians often must
combine imaging and clinical data to estimate the likelihood of cardiac involvement.
Several recent articles have suggested that advanced imaging techniques such as cardiac
magnetic resonance (CMR) and F18-fluorodeoxyglucose positron emission tomography
(PET) each provide useful diagnostic and prognostic information. However, no prior
studies have examined how data from both of these tests can be combined. We evaluated
107 patients with suspected cardiac sarcoidosis who underwent both CMR and PET as
part of their clinical care. We used prior studies and expert consensus statements to
categorize the likelihood of cardiac sarcoidosis as absent, possible, probable, or highly
probable. We found that when PET information was added to CMR, ~45% of patients
were reclassified to having a higher or lower likelihood of cardiac sarcoidosis. We also
found that the findings provided by these tests had a significant impact on the use of
immunosuppressive therapies. Specifically, only ~66% of patients with abnormal late
gadolinium enhancement uptake had myocardial inflammation by F18-
fluorodeoxyglucose PET. Our study supports the selective use of combining CMR and
F18-fluorodeoxyglucose PET in cases where any 1 test provides equivocal results, or
after CMR when F18-fluorodeoxyglucose PET could serve to identify inflammation, and
thus a potential role for immunosuppressive therapies.
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3.CMR + PET
Likelihood

Y

Likelihood of Cardiac
Sarcoidosis

Combined Likelihood of
Cardiac Sarcoidosis

Blinded to all clinical data

Image interpretation workflow. All images were interpreted blinded to clinical data. Cardiac
magnetic resonance (CMR) images were interpreted first, followed by positron emission
tomographic (PET) images, and then combined CMR+PET images. At each step, the
likelihood of cardiac sarcoidosis was recorded. MRI indicates magnetic resonance imaging.
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- One focal areas of LGE but
. alternative diagnosis was more -0 FDG uptake buta small
Possible CS likely. (e. g. Pulmonary perfusion defect.
(50-90%) hypertension)
- Non-specific FDG uptake and no
perfusion defects.*
- Multifocal LGE in a pattern that is .
likely consistent with CS but cannot - Multiple non-contiguous areas of
Probable CS rule out other diagnoss (e. g. scar with no FOG uptake.
(50-90%) myocarditis)

- Focal or focal on diffuse FDG
uptake associated with resting
perfusion defect.

Highly Probable
(>90%)

~Multifocal LGE in a pattern strongly
consistent with CS with no alternative
diagnosis.

- The following features were used to
identify high likelihood:

- Intense signal of LGE.

-> Prominent involvement of
insertion points with direct and
contiguous extension across the
septum into RV. (“hook sign”)

- Multiple areas of focal FDG
uptake AND extra cardiac FDG.

- Multiple areas of both FDG
uptake and perfusion defect

Figure 2.

Definitions and illustrations of criteria used to categorize cardiac sarcoidosis (CS) likelihood
based on cardiac magnetic resonance and positron emission tomographic (PET) findings.
*Nonspecific F18-fluorodeoxyglucose (FDG) uptake includes the following: (1) focal FDG,
which demonstrated homogenous signal intensity and only involved the lateral wall; (2)
diffuse uptake of FDG by left ventricle; and (3) small area of FDG uptake that has signal
intensity, which is only minimally increased when compared with background/blood pool.
LGE indicates late gadolinium enhancement; and MRI, magnetic resonance imaging.
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Figure 3.
Examples of complementary value of integrating cardiac magnetic resonance (CMR) and

positron emission tomography (PET) results. A, Sixty-one-year-old man presented with
systolic heart failure of unknown etiology. After CMR and PET, a lymph node biopsy
showed noncaseating granuloma compatible with sarcoidosis. CMR showed late gadolinium
enhancement (LGE) in the basal and midanteroseptal and inferoseptal segments that extends
to the right ventricle (RV; hook sign) and was, therefore, categorized as highly probable
cardiac sarcoidosis (CS; >90%). PET showed focal on diffuse F18-fluorodeoxyglucose
(FDG) uptake with no perfusion defect and was classified as possible CS (10%-50%) but
had reduced image quality. The combined diagnosis based on CMR and PET was highly
probable (>90%) because our methods specify placing greater emphasis on whichever test is
more definitive. The final diagnosis was highly probable CS (>90%) because the patient had
biopsy-proven sarcoidosis, nonsustained ventricular tachycardia on follow-up, and CMR
findings for CS. B, Fifty-four-year-old man with biopsy-proven lung sarcoidosis presented
with palpitations and presyncope. CMR did not show perfusion defect, wall motion
abnormalities, or LGE and was, therefore, categorized as no CS (<10%). On the contrary,
PET showed severe FDG uptake of the basal inferolateral and inferoseptal segments with no
perfusion defects and was classified as probable CS (50%-90%). The combined diagnosis
based on CMR and PET was probable CS (50%-90%) reflecting that the PET results were
more definitive, especially because the FDG uptake involved multiple areas (ie, not just the
lateral wall) and occurred in the setting of complete suppression of FDG from all other
areas. Because of having biopsy-confirmed extra-CS, cardiac involvement by FDG imaging,
and clinical signs and symptoms, which were consistent with CS, the patient was
categorized as having highly probable (>90%) CS. C, Fifty-five-year-old man with
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pulmonary sarcoidosis was referred for an evaluation of CS because of heart failure and
ventricular tachycardia. CMR showed subepicardial LGE in the midinferior and inferoseptal
segments that extended into the RV. CMR was interpreted as highly probable CS because of
intense signal of LGE and prominent involvement of the RV insertion points with direct and
contiguous extension across the septum into the RV. PET showed diffuse FDG uptake with
no perfusion defects and was classified as possible CS (10%-50%). The combined diagnosis
based on CMR and PET was probable CS (50%-90%) reflecting that the highly probable
CMR results were more influential than the nonspecific FDG PET results but that the
combined diagnosis now provided a lower likelihood of CS than magnetic resonance
imaging alone because of the PET findings. The final diagnosis was highly probable (=90%)
considering the evidence of extra-CS and cardiac involvement demonstrated on CMR. D,
Seventy-five-year-old woman with pulmonary sarcoidosis referred for an evaluation of CS
because of dyspnea and abnormal electrocardiogram. On CMR, there was midwall LGE in
the basal inferolateral segment, which was classified as possible CS (10%-50%) because
there was only 1 affected segment. PET showed a mild perfusion defect in the basal
inferolateral segment and FDG uptake involving the basal anterior and anterolateral
segments and was subsequently classified as probable CS (50%-90%). The combined
diagnosis based on CMR and PET was probable CS (50%-90%) reflecting that the PET
results were more definitive than the nonspecific CMR finding of midwall LGE in 1
segment. The final diagnosis was highly probable CS (=90%) based on pulmonary
sarcoidosis with abnormalities on both CMR and PET. HF indicates heart failure; LAFB, left
anterior fascicular block; PVC, premature ventricular contractions; and RBBB, right bundle
branch block.
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Figure 4.
Distribution of likelihood of cardiac sarcoidosis (CS) based on cardiac magnetic resonance

(CMR), positron emission tomo-graphic (PET) images, and the combination of both tests.
The likelihood of CS for the entire study population is illustrated in each pie chart. The
combined likelihood of CS is based on simultaneous evaluation of both CMR and PET study
results blinded to all clinical data. For each category, the blowout box depicts the distribution
that was originally assigned to those patients based on the CMR interpretation alone. MRI
indicates magnetic resonance imaging.
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Figure 5.
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Abnormal LGE and FDG
Uptake

60 patients
NoCS=4

Possible = 15
Probable =5
Highly Probable = 36

A Immunosup Tx = 18
ICD =45
Pacemaker =9

12%

Observed findings for cardiac sarcoidosis (CS) likelihood. This figure shows the final

likelihood of CS, the observed change (A) in patient management

with respect to

immunosuppressive therapy, or implantation of ICD/pacemaker, as well as the annual event
rate for each group. FDG indicates F18-fluorodeoxyglucose; ICD, implantable cardiac

defibrillator; and LGE, late gadolinium enhancement.
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Combine Use of Cardiac MRI and PET for Suspected Cardiac Sarcoidosis

Cardiac MRI

Consider ICD

When CMR is inconclusive or
high suspicious of CS remains

~,

Abnormal FDG Uptake
» Myocardial inflammation.

» Consider immunosuppressive therapy

No FDG uptake
» Possible scar from burnt out CS

» No role for immunosuppressive therapy

Figure 6.
Algorithm for cardiac sarcoidosis (CS) diagnosis. A suggested algorithm for incorporating

cardiac magnetic resonance imaging (MRI) and positron emission tomography (PET) for
evaluating individuals with suspected CS. CMR indicates cardiac magnetic resonance; FDG,
F18-fluorodeoxyglucose; and LGE, late gadolinium enhancement.
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Table 1.
Baseline Characteristics of Study Population
Variables All Patients (n=107)
Demographics
Age, y (mean, SD) 55+11
Women 34 (31%)
Black 14 (13%)
History of heart failure 22 (20%)
Medical history
Biopsy-proven extra-CS 32 (30%)
cs 3 (2%)
Ventricular tachycardia (before first study) 38 (35%)
Obstructive coronary artery disease 3 (2%)
Sign and symptoms*
Syncope 18 (16%)
Heart failure 32 (30%)
Palpitations 43 (40%)
Dyspnea 42 (39%)
Electrocardiographic characteristics
Advanced heart block (second degree type Il or third degree) 9 (8%)
Left bundle branch block 10 (9%)
Right bundle branch block 23 (21%)
Medications
Steroid treatment (baseline) 20 (19%)
Other immunosuppressive agent (baseline) 4 (4%)
Steroid treatment (on follow-up) 35 (32%)
Steroid treatment stopped (on follow-up) 2 (1%)
Other immunosuppressive agent (on follow-up) 13 (12%)
Cardiac MRI
Left ventricular ejection fraction, % (mean, SD) 43+16
Right ventricular ejection fraction, % (mean, SD) 40+13
End diastolic volume, indexed to BSA, mL/m? 97+37
LGE (any) 91 (85%)
FDG PET
Resting perfusion defect 59 (55%)
Normal or nonspecific FDG uptake 39 (37%)
Abnormal FDG uptake 68 (63%)
Criteria
Positive JMHW (2006) 33 (31%)
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Variables

All Patients (n=107)

Probable or positive Heart Rhythm Society expert consensus statement (2014)

33 (31%)

BSA indicates body surface area; CS, cardiac sarcoidosis; FDG, F18-fluorodeoxyglucose; IMHW, Japanese Ministry of Health, Labour, and
Welfare; LGE, late gadolinium enhancement; MRI, magnetic resonance imaging; and PET, positron emission tomography.

*
Because patients may have had >1 sign or symptom, the total number of signs/symptoms is >100%.
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CMR and PET Result Distribution

Table 2.

PET Examination Results
Normal | Rest Perfusion Defect | FDG Uptake | FDG Uptake and Perfusion Defect | Total
CMR examination results
Negative LGE 8 0 3 5 16
Positive LGE 19 12 18 42 91
No CS 0 0 1 0 1
Possible CS 6 5 10 12 33
Probable CS 9 4 5 16 34
Highly probable CS 4 3 2 14 23
Total 27 12 21 47 107

CMR indicates cardiac magnetic resonance; CS, cardiac sarcoidosis; FDG, F18-fluorodeoxyglucose; LGE, late gadolinium enhancement; and PET,

positron emission tomography.
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Table 3.

Final Diagnosis and Events in Individuals Reclassified by Combining PET With CMR

CMR Likelihood—Likelihood After Adding PET Final Diagnosis Events (Death or VT) | Death

Reclassification to a higher likelihood (n=32)

Probable—highly probable (n=9) Highly probable=7 4 1

Probable=1 0 0

Possible=1 0 0

Possible—highly probable (n=3) Highly probable=3 0 0

Possible—probable (n=13) Highly probable=9 1 1

Probable=0 0 0

Possible=4 1 0

No sarcoidosis—probable (n=6) Highly probable=1 0 0

Probable=3 0 0

Possible=1 0 0

No sarcoidosis=1 0 0

No sarcoidosis—possible (n=1) Probable=1 0 0
Reclassification to a lower likelihood (n=16)

Highly probable—probable (n=5) Highly probable=3 2 1

Probable=1 0 0

Possible=1 0 0

Highly probable—possible (n=1) Highly probable=1 0 0

Probable—possible (n=8) Highly probable=1 0 0

Possible=5 2 0

No sarcoidosis=2 0 0

Possible—no sarcoidosis (n=2) No sarcoidosis=2 1 0

CMR indicates cardiac magnetic resonance; PET, positron emission tomography; and VT, ventricular tachycardia.
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Changes in Downstream Patient Management Stratified by Likelihood of CS Based on Combined Cardiac
Magnetic Resonance and Positron Emission Tomographic Imaging

Combined Likelihood Images A Immunosuppressive Therapy* Pacemaker Implantation | ICD Implantation | Any ChangeT
No sarcoid (<10%), n=11 0 (0%) 2 (18%) 9 (81%) 9 (81%)
Possible CS (10%-50%), n=26 2 (7%) 3 (11%) 13 (50%) 18 (69%)
Probable CS (50%-90%), n=41 6 (14%) 5 (12%) 21 (51%) 25 (61%)
Highly probable CS (290%), n=29 12 (41%) 4 (14%) 22 (75%) 23 (79%)
Total, n=107 20 (18%) 15 (13%) 65 (60%) 75 (70%)

A=Change in immunosuppressive therapy was defined as initiation of steroid therapy or addition of a nonsteroid immunosuppressive drug. CS
indicates cardiac sarcoidosis; and ICD, implantable cardiac defibrillator.

*
There was a significant difference in change in immunosuppressive therapy across categories of increasing CS likelihood (~£<0.01).

fAny change was considered when ICD or a pacemaker was implanted or when there was a change in immunosuppressive therapy.
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