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Abstract
Background Positron emission tomography (PET) with 18F-fluorodeoxyglucose (FDG) has shown to be useful in diagnosis,
staging and monitoring of cardiac sarcoidosis (CS) but its interpretation is not standardized.
Objectives We sought to investigate the clinical impact of serial quantitative FDG uptake analysis in patients with CS presenting
with ventricular tachycardia (VT) treated by catheter ablation (CA).
Methods We followed 20 patients (51 ± 9 years, 70%males) with CS and VTwho underwent CA, with 92 serial FDG-PETscans
(3–10 per patient). Myocardial FDG-avid lesions were quantified using three parameters: maximum standardized uptake value
(SUVmax), partial-volume corrected mean standardized uptake value (SUVmean) and partial-volume corrected volume-intensity
product [lesion metabolic activity (LMA)]. The volume-intensity product of the entire heart [global cardiac metabolic activity
(gCMA)] and the background cardiac metabolic activity (bCMA: difference between gCMA and LMA) were also calculated.
The primary end-point was the occurrence of major adverse cardiac events (MACE), including death, heart transplant, hospital-
ization for heart failure and implantable cardioverter defibrillator (ICD) appropriate interventions. Evolution of echocardiograph-
ic parameters over follow-up was also assessed.
Results During a median follow-up of 35 (20–66) months, 18 MACE (1 death, 2 heart transplants, 12 ICD appropriate inter-
ventions, 3 hospitalizations) occurred in 12 (60%) patients. At univariable analysis, lack of PET improvement (defined by
decrease in LMA of at least 25%) was the only variable associated with cardiac events during follow-up. In particular, non-
responders had a 20-fold higher risk ofMACE at follow-up (HR 18.96, 95% CI 2.26–159.27; p = 0.007). Moreover, a significant
linear inverse relationship was observed between changes in LMA and changes in left ventricular ejection fraction over follow-up
(β = −20.11; p = 0.003).
Conclusions In patients with CS and VT, temporal change in FDG uptake evaluated by a quantitative approach is associated with
parallel change in systolic function. Moreover, reduction in FDG uptake is strongly associated with fewer MACE at long-term
follow-up.
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Introduction

Sarcoidosis is a multisystem disease of unknown etiology, char-
acterized by the presence of non-caseating granulomatous in-
flammation. The prevalence of cardiac involvement has been
estimated in at least 25%, but only 5% of the patients develop
a clinically overt cardiac disease [1]. The myocardial injury is
driven by active inflammation leading to myocyte loss and re-
parative fibrosis affecting ventricular function and creating the
substrate for reentrant arrhythmias [2]. 18F-fluorodeoxyglucose
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positron emission tomography (FDG-PET) has a well-
established role in diagnosing cardiac involvement by detecting
active inflammation [3]. However, PET interpretation remains
largely qualitative or based upon maximum standardized uptake
value (SUVmax), with few studies that have attempted to repro-
ducibly quantify the extent and intensity of inflammation [4–7].
Baseline abnormal myocardial FDG uptake has been associated
with increased risk of death and ventricular tachycardia (VT)
among patients with cardiac sarcoidosis (CS). Moreover, reduc-
tion of inflammation with immunosuppressive therapy has been
associated with improvement in systolic function and New York
Heart Association (NYHA) functional class [5, 7, 8]. Recently
our group demonstrated that the presence of baseline active in-
flammation as well as its worsening or lack of response to im-
munosuppressive therapy by qualitative evaluation, significantly
increases the risk of VT recurrence in patients with CS undergo-
ing catheter ablation (CA) for VT [9]. A standardized method to
quantify the volume and intensity of abnormal FDG uptake may
improve treatment response evaluation and identification of high-
risk patients with persistent inflammatory activity. In the present
study, we sought to investigate the prognostic role of serial quan-
titative FDG-PETevaluation in patients with active CS undergo-
ing CA for drug-refractory VT.

Methods

Study population

This was a retrospective observational study. The study pop-
ulation was selected from 42 consecutive patients with diag-
nosis of CS based upon Heart Rhythm Society (HRS) criteria
and refractory VT referred for CA to our institution between
January 2006 and December 2015 [10]. Only patients who
had serial FDG-PET scans performed to assess response to
therapy were included. A total of 20 patients followed with
92 scans met the inclusion criteria and were included in the
study. Patients gave written informed consent and all the pro-
cedures were performed according to the institutional guide-
lines of the University of Pennsylvania Health System. All the
data were entered in a database approved by the institutional
review board.

Cardiac PET/CT acquisition protocol

PET/computed tomography (PET/CT) imaging was performed
using a Gemini TF PET/CT scanner (Philips Medical System,
Tokyo, Japan) following at least 18-h fasting after a low-
carbohydrate (<5 g) and high-fat content meal in order to elim-
inate physiological uptake of FDG from the myocardium [11,
12]. All patients received unfractionated heparin 15 min before
FDG injection [13]. The fasting plasma glucose level was mea-
sured prior to FDG injection. Images were acquired from the

lower neck to the upper abdomen approximately 55 min after
intravenous administration of approximately 185 MBq
(5.034 mCi) of 18F-FDG. Corresponding CT images were ac-
quired and reviewed alongside the PET images. The low-dose
unenhanced CT images were used for attenuation correction and
anatomic correlation only. Reconstruction method: BLOB-OS-
TF, # iterations: 3, # subsets: 33, matrix size: 144 × 144.

Cardiac PET/CT data analysis

Quantitative analysis was performed on PET images using
ROVER software (ABX advanced biochemical compounds
GmbH, Radeberg, Germany) and on fused PET/CT images
using OsiriX 7.5.1 software (Pixmeo SARL, Bernex,
Switzerland) by measuring cardiac SUVmax, partial-volume-
corrected SUVmean, partial-volume-corrected lesion metabolic
activity (LMA), global cardiac metabolic activity (gCMA)
and background cardiac metabolic activity (bCMA) as follow.

A region of interest (ROI) was placed on the fused axial
image encompassing the entire heart (coronal and sagittal im-
ages were reviewed to ensure the entire myocardium and no
adjacent non-cardiac FDG-avid structures were included and
manual editing was performed if necessary). The software
automatically calculated uncorrected cardiac SUVmax,

partial-volume-corrected SUVmean and partial-volume-
corrected LMA (defined as the product of metabolic volume
and SUVmean). The metabolic volume (volume of FDG-avid
voxels inside the ROI) was automatically calculated using a
lower threshold setting of 40% SUVmax with a minimum vol-
ume of 1 cm3 as previously described (Fig. 1) [7].

Global cardiac metabolic activity of the heart was calculat-
ed by manually drawing an ROI around the ventricles in all
axial fused PET/CT images passing through the whole heart
with a slice thickness of 4 mm. The uncorrected SUVmean of
each slice was recorded. The volume of each slice was calcu-
lated by multiplying the area of each ROI by its slice thickness
(4mm). Then the metabolic activity of each slice was obtained
by multiplying the volume by uncorrected SUVmean of that
particular slice. Finally, gCMAwas generated by summation
of all the metabolic activity values over all slices of the heart
as previously described [7]. We were unable to separate blood
pool activity from the active disease sites in the myocardium
with the current version of ROVER software. This was partly
due to lower contrast between the FDG uptake sites and the
blood pool background activity. Also, cardiac and respiratory
motions further degraded the image quality for optimal seg-
mentation by this image analysis technique.

Electroanatomical mapping and catheter ablation

Patients presented to the cardiac electrophysiology laboratory
in the fasting state. Catheters were placed into position in the
heart using fluoroscopic guidance. A 6-Fr quadripolar catheter
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with 5-mm interelectrode distance (Bard Inc., Delran, NJ,
USA) was placed at the right ventricular (RV) apex. A deflect-
able 8-Fr mapping/ablation catheter that had a 3.5-mm irrigat-
ed tip and a 2-mm ring electrode separated by 1 mm
(Thermocool, Biosense Webster, Diamond Bar, CA, USA)
was advanced to the RV (transvenous approach), left ventricle

(LV; retrograde aortic or transseptal approach), or epicardial
space according to the presumed site of origin of the VTor the
underlying substrate. Access to the pericardial space and epi-
cardium was obtained using the percutaneous subxiphoid ap-
proach described by Sosa et al. [14]. A 64-element phased-
array intracardiac echocardiography catheter (AcuNav,
Acuson, Mountain View, CA, USA) was used to assist cathe-
ter manipulation, radiofrequency (RF) energy delivery, and
tissue-catheter contact and monitoring for complications. A
high-density (color and surface fill threshold <15 mm),
three-dimensional electroanatomical map (EAM -
CARTO™; Biosense Webster Inc., Diamond Bar, CA,
USA) was created during sinus or paced rhythm to identify
low-voltage areas (LVAs) and abnormal electrograms (EGMs)
consistent with scarring, as previously reported [15–17].
Programmed ventricular stimulation was performed and in-
duced VTs were compared with those occurring spontaneous-
ly. Induced VTs were identified as clinical when they matched
the cycle length and morphology of stored implantable
cardioverter defibrillator EGMs (near-field and far-field) and
the 12-lead electrocardiogram (ECG) when available. A com-
bination of activation/entrainment mapping for tolerated VT
and/or substrate-based ablation targeting abnormal late/split/
fragmented EGMs and sites of best pace mapping within the
abnormal substrate for unstable VTs was employed, as previ-
ously described [9, 18]. After ablation, repeat programmed
stimulation with ≤3 ventricular extrastimuli delivered from 2
different sites at 2 pacing cycle lengths was performed to
determine the procedural success, defined as lack of inducibil-
ity of any VTs (clinical and non-clinical) with a cycle length >
250 ms.

Clinical follow-up and outcomes

Before the procedure (T0) all patients underwent a diagnostic
work-up comprehensive of clinical evaluation, 12-lead ECG,
implantable cardioverter defibrillator (ICD) interrogation,
trans-thoracic echocardiography and PET scan. A PET scan
as well as a comprehensive clinical and echocardiographic
evaluation to assess response to immunosuppressive therapy
was repeated at 3–6 months (T1). Clinical, echocardiographic
and PET data at the last available follow-up (TFUP) were also
collected. Basing upon changes of FDG activity on serial PET
imaging, patients were categorized into metabolic response
(defined by a decrease in the LMA of at least 25%) or non-
response (decrease less than 25% or increase). In order to
compare LMA to standard calculation of SUVmax and
SUVmean as prognostic marker, we used the same criteria to
define metabolic response/non-response according to changes
in SUVmax or SUVmean. The agreement between different mo-
dalities to define metabolic response was assessed using
Cohen’s Kappa coefficient. Cardiac death, heart transplant,
sustained VT recurrences (defined as any sustained VT on

Fig. 1 Examples of serial PET scans among patients with cardiac
sarcoidosis (CS) responding (a–l) or not (m–r) to immunosuppressive
treatment. Each raw shows a single scan in three projections (transverse,
coronal and sagittal). Baseline PET scan in a patient with CS involving
the mid-basal septum, mid-basal anterior and basal inferior wall of the left
ventricle (a–c) that demonstrate complete normalization after 6 months of
immunosuppressive therapy (d–f). Baseline PETscan in a patient with CS
involving the free wall of the right ventricle, all the septum and the basal
anterior and inferior wall of the left ventricle (g–i). Same patient at 6-
month control (j–l) no longer showing active inflammation of the myo-
cardium. Patient with CS involving the lateral and anterior wall of the left
ventricle as well as the anterolateral papillary muscle at baseline (m–o)
and persistent inflammation of the same areas regardless of 6 months of
immunosuppressive treatment (p–r)
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ICD interrogation or 12-lead ECG) and hospitalizations for
heart failure were defined as major adverse cardiac events
(MACE).

Statistical analysis

Continuous variables were expressed as mean ± SD if normally
distributed or median (25th–75th percentile) if not normally
distributed. All continuous variables were tested for normal
distribution using the one-sample Kolmogorov–Smirnov test.
Categorical data were expressed as counts and percentages.
Continuous variables were compared using independent-
sample parametric (unpaired Student t) or non-parametric
(Mann-Whitney U) tests. Categorical variables were compared
using the chi-square test or Fisher’s exact test when appropriate.
Repeated measures of continuous parameters were compared
using paired-sample parametric (paired Student t) or non-
parametric (paired Wilcoxon signed rank) tests. Single variable
Cox proportional hazards analysis was used to test the associ-
ation between the outcome event, baseline covariates and met-
abolic response. A multivariable analysis was not feasible due
to the limited number of events, taking into account the number
of candidate predictors in a multivariable model has to be infe-
rior to the number of events divided by 10 [19]. The relation-
ship between the changes in LMA and changes in systolic

function was estimated by linear regression. Two-tailed tests
were considered statistically significant at the 0.05 level. All
the analysis was performed using IBM SPSS version 23.0 soft-
ware (IBM Corp., Armonk, NY, USA).

Results

Patient characteristics

Twenty consecutive patients (51 ± 9 years, 14 males) with
diagnosis of CS based upon HRS criteria were included in
the study [10]. All patients were evaluated with PET, echocar-
diographic and clinical examination at T0, T1 and TFUP. All the
patients underwent at least three PET scans (T0, T1 and TFUP),
and eight (40%) had more than three serial scans (range 3–10).
In total, 92 scans were performed. All the patients were treated
with immunosuppressive therapy with prednisone (mean daily
dose: 40 ± 13 mg). Methotrexate (mean weekly dose 10 ±
3 mg) was added in 6 cases (30%) as a second-line therapy.
Eleven out of 20 (55%) patients had evidence of metabolic
response while in the remaining 9 (45%), FDG uptake was
unchanged or increased. Clinical data of all patients and com-
parison between Bresponders^ and Bnon-responders^ at base-
line (T0) are summarized in Table 1. No significant differences

Table 1 Baseline (T0) characteristics of the study population

All patients [20] Non-responders [11] Responders [9] p

Age, years 51 ± 9 52 ± 10 53 ± 7 0.888
Males, n (%) 14 (70) 7 (64) 7 (79) 0.642
LVEF % 41 ± 12 43 ± 12 38 ± 11 0.399
NYHA class ≥II, n (%) 11 (55) 7 (64) 4 (44) 0.653
Arterial hypertension, n(%) 6 (30) 3 (27) 3 (33) 1.000
Diabetes, n (%) 2 (10) 1 (9) 1 (11) 1.000
Chronic kidney disease, n (%) 3 (15) 2 (18) 1 (11) 1.000
Medical therapy
Beta blockers, n (%) 20 (100) 11 (100) 9 (100) –
ACE-i/ARBs, n (%) 16 (80) 9 (82) 7 (79) 1.000
Diuretics, n (%) 6 (30) 4 (36) 2 (22) 0.642
Failed anti-arrhythmic drugs, n 2 (1–3) 2 (1–2) 1 (1–2) 0.364
Amiodarone, n (%) 11 (55) 7 (64) 4 (44) 0.653

Immunosuppressive therapy 0.642
Prednisone only, n (%) 14 (70) 7 (64) 7 (79)
Prednisone + methotrexate, n (%) 6 (30) 4 (36) 2 (22)

y0gart
No. of VTs induced 4 (2–6) 4 (3–7) 4 (1–7) 0.776
Cycle length, ms 360 (320–428) 337 (285–375) 402 (361–475) 0.073
Epicardial procedure, n (%) 9 (45) 6 (55) 3 (33) 0.406
Total procedural time, hours 7 (6–9) 7 (6–10) 8 (5–11) 1.000
Radiofrequency time, min 38 (20–67) 37 (13–112) 40 (17–99) 0.776
Programmed stimulation at the end
of the last procedure, n (%)

15 (75) 9 (82) 6 (67) 0.431

Non-inducibility of any VT at the end
of the last procedure, n (%)

12 (80) 8 (90) 4 (67) 0.525

LVEF left ventricular ejection fraction,NYHANewYork Heart Association,ACE-i angiotensin-converting enzyme inhibitors,ARBs angiotensin receptor
blockers, VT ventricular tachycardia
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in baseline characteristics were noted between patients with
metabolic response compared to those that did not respond.

Catheter ablation and acute procedural outcomes

All the patients underwent endocardial mapping and ablation
while a combined endo/epicardial approach was adopted in in
9 (45%) patients. A median number of 4 [2–6] different VTs
were induced with a median cycle length of 360 (320–430)
ms. To achieve a good arrhythmia control, 9 (45%) patients
underwent a second procedure and in 3 (15%) cases, a third
procedure was necessary. At the end of the last procedure,
programmed stimulation was performed in 15 (75%) cases
and non-inducibility of any VT was reached in 12 (80%) of
the cases (Table 1).

Correlation between metabolic response and clinical
outcomes

Table 2 and Fig. 2 summarize the time course of quantitative
FDG uptake, echocardiographic and electroanatomical data in
the study population.

Among patients with metabolic response, at T0, SUVmax

was 7 ± 3 g/ml, SUVmean 6 ± 3 g/ml, LMA was 399 (310–
1035) g glucose, gCMA was 1858 ± 570 g glucose, bCMA
was 1173 (801–1723) and LVEF was 38 ± 11%. At T1,

SUVmax and SUVmean were both significantly reduced com-
pared to T0 (both 2 ± 1 g/ml, p < 0.001), as well as LMA
[median 0 (0–402) g glucose, p = 0.008)] and gCMA (mean
1473 ± 451 g glucose, p = 0.028). bCMA did not show a sig-
nificant reduction [median 1195 (1025–1495), p = 0.515]
while a significant improvement in systolic function was ob-
served (LVEF 43 ± 11%, p = 0.023). At the last evaluation
(TFUP), performed 17 (10–61) months after T1, no further
statistically significant change was observed among PET and
echocardiographic parameters.

Among non-responder patients, at T0 , SUVmax and
SUVmean were both 5 ± 3 g/ml, LMA was 243 (124–508)
g glucose, gCMA was 1541 ± 554 g glucose, bCMA was
1221 (878–1591) and LVEF was 43 ± 12%. At T1, none of
quantitative PET parameters showed a significant change
compared to T0 , while a significant worsening in LVEF
was observed (37 ± 11%, p < 0.001). At the last evaluation
(TFUP), performed 15 (9–30) months after T1, no statisti-
cally significant change was observed among PET param-
eters except for gCMA that appeared to be increased
(2007 ± 924 vs. 1678 ± 706 g glucose, p = 0.029).
Systolic function demonstrated a further decrease com-
pared to T1 (33 ± 12%, p = 0.001).

Changes in LMA through serial PET scans showed a sig-
nificant inverse relationship with changes in LVEF (R2 =
0.215, p < 0.003), as shown in Fig. 3.

Table 2 Changes in PET, echocardiographic and electroanatomical parameters

T0 (baseline) T1

(6–8 months)
TFUP
(last follow-up)

p
(T1 vs.
T0)

p
(TFUP vs.
T1)

Metabolic responders

PET parameters

SUV max 7 ± 3 2 ± 1 2 ± 1 <0.001 0.923

SUV mean 6 ± 3 2 ± 1 2 ± 1 <0.001 0.919

LMA, g glucose 399 (310–1035) 0 (0–402) 0 (0–45) 0.008 0.068

gCMA, g glucose 1858 ± 570 1473 ± 451 1204 ± 491 0.028 0.076

bCMA= gCMA – LMA, g glucose 1173
(801–1723)

1195
(1025–1495)

1038
(787–1386)

0.515 0.398

Echocardiographic parameters

LVEF, % 38 ± 11 43 ± 11 45 ± 14 0.023 0.384

Metabolic non-responders

PET parameters

SUV max 5 ± 3 7 ± 3 6 ± 3 0.170 0.639

SUV mean 5 ± 3 7 ± 3 7 ± 3 0.151 0.187

Lesion metabolic activity (LMA), g glucose 243 (124–508) 340 (64–553) 379 (275–752) 0.286 0.116

Global cardiac metabolic activity (gCMA), g glucose 1541 ± 554 1678 ± 706 2007 ± 924 0.483 0.029

Background cardiac metabolic activity (bCMA= gCMA –
LMA),
g glucose

1221
(878–1591)

1187 (891–1729) 1479
(979–1881)

0.721 0.327

Echocardiographic parameters

LVEF, % 43 ± 12 37 ± 11 33 ± 12 <0.001 0.001
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The median follow-up of the study population was 35 (20–
66) months. During this period, one patient (5%) died, two
(10%) had heart transplant, 12 (60%) experienced sustained
VT recurrence and 3 (15%) were hospitalized for heart failure
worsening. Overall, 12 (60%) patients reached the composite
endpoint of MACE; 10 (91%) in the metabolic non-responders
group and 2 (22%) in the metabolic responders group (p =
0.005). Metabolic responders had a significantly lower propor-
tion of VT recurrences in comparison to non-responders (22 vs.
91%, p = 0.005). A trend towards better outcomes among re-
sponders was observed also for death (0 vs. 9%, p = 1.000) and
hospitalizations for heart failure (0 vs. 27%, p = 0.218).

At univariable analysis (Tables 3 and 4), metabolic response
(HR 0.05, 95%CI 0.01–0.44, p = 0.007) was the only significant
variable associated with lessMACE at follow-up (Fig. 4). Only a
trend towards worse outcomes was observed for increase of
bCMA (HR 1.01, 95% CI 1.00–1.03, p= 0.069; Fig. 4).

Comparison between lesion metabolic activity
assessment and SUV

The mean value of SUVmax at T0 was 6 ± 3 and did not
significantly differ at T1 (5 ± 3, p = 0.434) and at TFUP (4
± 3, p = 0.389) while the mean value of SUVmeanwas 6 ±

Fig. 2 Time course of quantitative PET parameters and systolic function among metabolic responders (a) and non-responders (b)
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3 at T0, and 5 ± 2 either at T1 and TFUP (p = 0.529 for
comparison with T0). Eleven out of 20 (55%) patients had
evidence of metabolic response by SUVmax while 10
(50%) by SUVmean. No significant agreement was found
between metabolic response defined by LMA and
SUVmax (k = 0.41; p = 0.064) while only a fair agreement
was found between LMA and SUVmeank = 0.50; p =
0.025). No significant differences were observed in base-
line clinical and procedural characteristics of metabolic
responders and non-responders defined by changes in
SUVmax and SUVmean (Table 5). Moreover, metabolic re-
sponders defined by changes in SUVmax and SUVmean did
not present any significant difference in the occurrence of
the composite end-point as well as in any of the single
outcome events (Table 6). At univariable analysis, neither
the metabolic response defined by SUVmax (HR 0.399,
95% CI 0.122–1.303; p = 0.128) nor by SUVmean (HR
0.633, 95% CI 0.197–2.040; p = 0.444) appeared to be

correlated to the occurrence of MACE at follow-up,
confirming that metabolic response defined by changes
in LMA was the only significant variable associated with
the outcome event.

Discussion

The present study analyzes the prognostic impact of serial
quantitative FDG-PET analysis in patients affected by CS
and presenting with drug-refractory VT who underwent CA.
The major findings are as follows: (1) a reduction in the extent
of inflammation is associated with better long-term clinical
outcome; (2) disease progression is associated with persis-
tence of active inflammation as demonstrated by the inverse
relationship between changes in inflammatory activity and
changes in systolic function; (3) serial quantitative FDG-
PETevaluation can reliably guide titration of immunosuppres-
sive therapy and identify high-risk patients who may need
early referral to advanced heart failure management/heart
transplant evaluation; (4) in about half of the cases, despite
use of immunosuppressive therapy, there was no evidence of
metabolic response at PET over follow-up.

Evaluation of myocardial inflammatory activity by FDG-PET
has an increasing role in the diagnosis and follow-up of patients
affected by CS [10]. However, PET analysis is often based on
visual-normalized interpretation with only few reports analyzing
a quantitative approach and a substantial lack of standardized
methods [4–6]. Quantitative FDG-PETanalysis has been proven
to bemore sensitive and specific than visual-normalized interpre-
tation in the diagnosis of CS and to be superior in the evaluation
of response to immunosuppression [6, 20]. Recent reports have
also pointed out how the persistence of active inflammation is
crucial for disease progression. In particular, changes in FDG
uptake quantified asmetabolic volume ormetabolic activity have
shown an inverse relationship with changes in systolic function
[5]. However, there is a substantial lack of knowledge regarding
the association of quantitative changes in FDG uptake with clin-
ical outcomes [20].

Our findings show that quantitative assessment of myo-
cardial inflammation is of extreme importance in

Table 3 Long-term outcomes
All
patients [20]

PET
non-responders [11]

PET
responders [9]

p

Major adverse cardiovascular events
(composite endpoint)

12 (60) 10 (91) 2 (22) 0.005

Death, n (%) 1 (5) 1 (9) 0 1.000

Heart transplant, n (%) 2 (10) 1 (9) 1 (11) 1.000

Ventricular tachycardia recurrence, n (%) 12 (60) 10 (91) 2 (22) 0.005

Repeated catheter ablation, n (%) 7 (35) 6 (55) 1 (11) 0.070

Hospitalization for heart failure, n (%) 3 (15) 3 (27) 0 0.218

Fig. 3 Correlation between changes in lesion metabolic activity and
changes in left ventricular ejection fraction
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determining the patients’ response to immunosuppression.
In particular, we found that persistence of active inflam-
mation among serial PET scans is strongly associated with
disease progression (systolic function worsening) and
worse long-term clinical outcomes (higher risk of VT re-
currence, higher incidence of hospitalizations for heart
failure and higher mortality). Patients without a metabolic
response to therapy presented a 20-fold risk of MACE at
follow-up. These data support the utility of serial quanti-
tative PET evaluation as a tool to identify high-risk pa-
tients that may benefit from more aggressive immunosup-
pressive therapy and/or early referral to advanced heart
failure management/heart transplant evaluation. Of inter-
est, in almost 50% of cases in our series, we found no
evidence of improvement in the PET metabolic activity
over follow-up despite use of immunosuppression treat-
ment. This finding challenges the common dogma that
patients with sarcoidosis and active cardiac inflammation
presenting with recurrent VT should be treated only with
immunosuppressive therapy [1, 21, 22]. In these cases,
CA may be necessary and unavoidable to achieve VT
control even in the presence of persistent or worsening
cardiac inflammation [9].

Several methods have been proposed to quantify FDG
uptake with SUVmax being the most widely used even if
affected by several limitations. Motion related to cardiac
and respiratory cycles deteriorates the spatial resolution of
PET, increasing the partial-volume effect. While cardiac gat-
ing has been proposed as a solution to overcome this unde-
sirable phenomenon, issues related to the respiratory cycle are
more challenging and cannot be easily addressed with gating
approaches [23]. Most of these difficulties can be overcome
by measurement of global tracer accumulation in organs or
structures. Global activity has been extensively tested in sev-
eral studies and allows detection of evidence of disease when
regional information is of limited value [24, 25]. Previous

experiences have demonstrated the superiority of quantitative
parameters taking into account the extension of inflammation
in terms of volume of lesion showing abnormal FDG uptake
and/or product of SUV and lesion volume compared to
SUVmax that considers only the point of highest FDG uptake
[26]. Our findings confirm the accuracy and reproducibility
of the quantitative approach and its superiority to standard
calculation of SUVmax and SUVmean as a predictor of treat-
ment response and, most importantly, as predictor of long-
term clinical outcomes.

Table 4 Single variable cox proportional hazards analysis of covariates
in relation to outcome events

HR (95% CI) p

Age 1.00 (0.94–1.07) 0.949

Male sex 1.10 (0.30–4.08) 0.889

Arterial hypertension 0.92 (0.25–3.42) 0.897

Diabetes mellitus

Baseline LVEF 1.00 (0.94–1.06) 0.860

NYHA class ≥ 2 2.11 (0.63–7.15) 0.229

History of atrial fibrillation/flutter 0.28 (0.04–2.16) 0.220

Chronic kidney disease 1.25 (0.27–5.76) 0.775

PET response 0.05 (0.01–0.44) 0.007

Change in background cardiac
metabolic activity

1.01 (1.00–1.03) 0.069

Fig. 4 Kaplan–Meier survival curve showing survival free from
cardiovascular events according to metabolic response (a) and
according to changes in background cardiac metabolic activity (b)
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Study limitations

This was a retrospective observational study summarizing
a single-center experience with CA in patients with CS
and recurrent VT. The main limitation of this study is

the relatively small sample size despite being one the
largest reported considering the rare nature of this condi-
tion. Moreover, the study included only patients with VT
and different stages of the disease which may limit the
generalizability of the results to patients with non-

Table 5 Baseline (T0) characteristics of the study population according to metabolic response defined by SUVmax and SUVmean

SUVmax SUVmean

Responders [11] Non-responders [9] p Responders [10] Non-responders [10] p

Age, years 52 ± 7 50 ± 11 0.539 54 ± 7 49 ± 10 0.289

Males, n (%) 8 (73) 6 (67) 1.000 7 (70) 7 (70) 1.000

LVEF % 42 ± 9 39 ± 11 0.636 38 ± 12 44 ± 11 0.318

NYHA class ≥II, n (%) 6 (55) 5 (56) 1.000 5 (50) 6 (60) 1.000

Arterial hypertension, n (%) 3 (27) 3 (33) 1.000 2 (20) 4 (40) 0.628

Diabetes, n (%) 1 (9) 1 (11) 1.000 0 2 (20) 0.474

Chronic kidney disease, n (%) 2 (18) 1 (11) 1.000 2 (20) 1 (10) 1.000

Medical therapy

Beta blockers, n (%) 11 (100) 9 (100) – 10 (100) 10 (100) –

ACE-i/ARBs, n (%) 9 (82) 7 (79) 1.000 7 (70) 9 (90) 0.582

Diuretics, n (%) 3 (27) 3 (33) 1.000 2 (20) 4 (40) 0.628

Failed anti-arrhythmic drugs, n 1 (1–2) 2 (1–2) 0.364 1 (1–2) 2 (1–2) 0.364

Amiodarone, n (%) 6 (55) 5 (56) 1.000 4 (40) 7 (70) 0.370

Immunosuppressive therapy 1.000 0.628

Prednisone only, n (%) 8 (73) 6 (67) 6 (60) 8 (80)

Prednisone + methotrexate, n (%) 3 (27) 3 (33) 4 (40) 2 (20)

Procedural data

No. of VTs induced 4 (1–7) 4 (3–7) 0.776 4 (1–6) 4 (2–7) 0.882

Cycle length, ms 360 (303–369) 385 (313–452) 0.537 363 (355–431) 329 (274–425) 0.247

Epicardial procedure, n (%) 5 (46) 4 (44) 1.000 5 (50) 4 (40) 1.000

Total procedural time, hours 7 (5–9) 7 (6–12) 0.463 8 (5–11) 7 (6–12) 0.955

Radiofrequency time, min 43 (12–68) 45 (16–163) 0.536 37 (12–84) 50 (16–163) 0.613

Programmed stimulation ate the end
of the last procedure, n (%)

8 (73) 7 (78) 1.000 8 (80) 7 (70) 1.000

Non-inducibility of any VT at the end
of the last procedure, n (%)

6 (75) 6 (86) 1.000 6 (75) 6 (86) 1.000

LVEF left ventricular ejection fraction, NYHANewYork Heart Association, ACEi angiotensin-converting enzyme inhibitors, ARBs angiotensin receptor
blockers, VT ventricular tachycardia

Table 6 Long-term outcomes according to metabolic response defined by changes in SUVmax and SUVmean

SUVmax SUVmean

Responders [11] Non-responders [9] p Responders [10] Non-responders [10] p

Major adverse cardiovascular events
(composite endpoint), n (%)

5 (46) 7 (78) 0.197 5 (50) 7 (70) 0.650

Death, n (%) 0 1 (11) 0.450 1 (10) 0 1.000

Heart transplant, n (%) 1 (9) 1 (11) 1.000 2 (20) 0 0.474

Ventricular tachycardia recurrence, n (%) 5 (46) 7 (78) 0.197 5 (50) 7 (70) 0.650

Repeated catheter ablation, n (%) 5 (46) 2 (22) 0.374 4 (40) 3 (30) 1.000

Hospitalization for heart failure, n (%) 1 (9) 2 (22) 0.566 1 (10) 2 (20) 1.000
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arrhythmic manifestations of cardiac sarcoidosis. In addi-
tion, since patients underwent CA, it is possible that CA
influence the good outcome in patients with an improve-
ment in imaging. Finally, a standardized approach to
quantify myocardial inflammation and response to treat-
ment does not exist and none of our patients underwent a
cardiac biopsy at baseline and/or during follow-up. As
such, our results could not be compared against a gold
standard methodology. The choice for the specific ap-
proach (i.e. the decision to perform a PET/CT scan before
the procedure as well as the decision to repeat it and its
timing) was not standardized. Therefore, as expected, we
are reporting the results from a multiyear study which
evolved due to the growing experience in the management
of this rare condition and the publication in 2014 of the
first consensus statement on the diagnosis and manage-
ment of arrhythmias associated with cardiac sarcoidosis
by the HRS [10]. As such, all patients underwent a
PET/CT scan within 1 week prior to the ablation proce-
dure. Thereafter, patients with positive FDG uptake
underwent a repeat study within 3–6 months after the
procedure. All patients received immunosuppressive ther-
apy between the two PET/CT studies. The decision to
repeat a PET/CT study in patients with a baseline negative
scan or to additional repeat PET/CT studies in patients
who showed improvement after initial immunosuppres-
sive therapy was mostly driven by the need to exclude
disease reactivation as a cause of worsening clinical con-
ditions (i.e. recurrent arrhythmia, new onset/worsening of
heart failure). These considerations as well as the long
follow-up period (median 35 months) explain the wide
range in the number of serial PET/CT scans we performed
in each patient.

Conclusions

This is the first systematic report analyzing the prognostic role
of serial quantitative FDG-PET analysis in patients with CS
presenting with VT and undergoing CA. Our results confirm
that changes in quantitative parameters like LMA correlate
with disease progression and can accurately and reproducibly
identify patients at high risk of cardiovascular events like VT
recurrence, worsening of systolic dysfunction, hospitaliza-
tions for heart failure and death or transplant. Consequently,
serial quantitative FDG-PET analysis may guide immunosup-
pressive therapy and help to identify a high-risk sub-group of
patients that may benefit from early referral to more advanced
therapies such as CA and/or advanced heart failure
management/evaluation for heart transplant.
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