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OBJECTIVES This study investigated whether pulmonary artery (PA) 18F-FDG uptake is associated with hypertension,

and if it correlates to elevated pulmonary pressures.

BACKGROUND 18F-fluorodeoxyglucose (FDG) positron emission tomography (PET) combined with computed tomog-

raphy or cardiac magnetic resonance (CMR) has been used to assess inflammation mostly in large arteries of the systemic

circulation. Much less is known about inflammation of the vasculature of the pulmonary system and its relationship to

pulmonary hypertension (PH).

METHODS In a single-center cohort of 175 patients with suspected cardiac sarcoidosis, who underwent hybrid thoracic

PET/CMR, 18F-FDG uptake in the PA was quantified according to maximum standardized uptake value (SUVmax) and

target-to-background ratio (TBR) and compared with available results from right heart catheterization (RHC) or

transthoracic echocardiography (TTE).

RESULTS Thirty-three subjects demonstrated clear 18F-FDG uptake in the PA wall. In the subgroup of patients who

underwent RHC (n ¼ 10), the mean PA pressure was significantly higher in the group with PA 18F-FDG uptake compared

with the group without uptake (34.4 � 7.2 mm Hg vs 25.6 � 9.3 mm Hg; P ¼ 0.003), and 9 (90%) patients with PA
18F-FDG uptake had PH when a mean PA pressure cutoff of 25 mm Hg was used compared with 18 (45%) in the non-

uptake group (P < 0.05). In the subgroup that underwent TTE, signs of PH were present in a significantly higher number

of patients with PA 18F-FDG uptake (14 [51.9%] vs 37 [29.8%]; P < 0.05). Qualitative assessment of 18F-FDG uptake in

the PA wall showed a sensitivity of 33% and specificity of 96% for separating patients with PH based on RHC-derived PA

pressures. SUVmax and TBR in the PA wall correlated with PA pressure derived from RHC and/or TTE.

CONCLUSIONS We demonstrate that 18F-FDG uptake by PET/CMR in the PA is associated with PH and that its intensity

correlates with PA pressure. (J Am Coll Cardiol Img 2022;15:108–120) © 2022 by the American College of Cardiology

Foundation.
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AB BR E V I A T I O N S

AND ACRONYM S

18F-FDG = 18F-

fluorodeoxyglucose

CXR = chest x-ray

PA = pulmonary artery

PAP = pulmonary artery

pressure

PET/CMR = positron emission

tomography/cardiac magnetic

resonance

PH = pulmonary hypertension

SUVmax = maximum

standardized uptake value

TBR = target-to-background

ratio

TTE = transthoracic

echocardiography
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S arcoidosis is a systemic granulomatous inflam-
matory disease of unknown etiology affecting
the lung, skin, and commonly the heart (1,2).

Defined as a mean pulmonary artery (PA) pressure
(PAP) $25 mm Hg at rest or >20 mm Hg based on
the latest consensus document (3,4), pulmonary hy-
pertension (PH) can develop in patients with sarcoid-
osis and has negative prognostic implications (5).
Although diagnosis usually requires right heart cath-
eterization (RHC), echocardiography can provide an
estimate of PAP, aid in establishing the etiology of
PH, and assess for sequelae as manifested by right
ventricular (RV) dysfunction: impaired RV systolic
function, a low tricuspid annular plane systolic excur-
sion (TAPSE), low S0-wave velocity, and an increased
tricuspid regurgitation peak velocity (6). Electrocardi-
ography, blood tests, pulmonary function tests, and
chest x-rays (CXRs) are complementary tests that
guide classification of patients within a specific
group, but noninvasive methods are not yet able to
definitively diagnose PH. In addition, noninvasive
imaging modalities such as ventilation/perfusion,
computed tomography (CT) and cardiac magnetic
resonance (CMR) can provide information on
vascular, cardiac, parenchymal, and mediastinal ab-
normalities associated with PH and identify underly-
ing lung disease or pulmonary embolism (7,8).
Response to therapy is evaluated based on a constel-
lation of clinical and biochemical parameters.

It is well established that systemic arterial hyper-
tension leads to inflammation in the arterial walls (9).
18F-fluorodeoxyglucose (FDG) positron emission to-
mography (PET) combined with CT or CMR has been
used to assess inflammation mostly in large arteries
of the systemic circulation, including the carotids and
coronary arteries (10). Much less is known about
inflammation of the vasculature of the pulmonary
system and its relationship to PH. In this study, we
hypothesized that 18F-FDG PET may be a sensitive
marker of inflammation in the pulmonary vessels and
a surrogate for PH. We then investigated the preva-
lence of 18F-FDG uptake in the pulmonary arteries
with the use of PET/CMR and its association with PH
in a cohort of sarcoidosis patients referred to our
imaging center for cardiac sarcoidosis screening (11).
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METHODS

STUDY DESIGN AND PATIENT POPULATION.

Patients with clinical suspicion of active car-
diac sarcoidosis due to established extrac-
ardiac involvement and/or clinical
presentation suggestive of the disease (12)
were recruited at Mount Sinai Hospital, New
York, from March 2015 through April 2019.
Exclusion criteria included insulin-
dependent diabetes mellitus, blood sugar
>200 mmol/dL before scanning, claustro-
phobia, pregnancy/nursing, presence of
pacemaker or automatic implantable
cardioverter-defibrillator, and impaired renal
function (estimated glomerular filtration
rate <45 mL/min/1.73 m2) (11).

PET/MR SCANNING PROTOCOL. Each pa-

tient with suspected cardiac sarcoidosis underwent
simultaneous thoracic and CMR with late gadolinium
enhancement and cardiac 18F-FDG PET imaging on a
hybrid PET/MR system (Siemens Biograph-mMR) as
described previously (11). For PET imaging, patients
fasted at least 12 hours prior to the exam as recom-
mended in current guidelines (13). Patients were
injected intravenously with w5 MBq/kg 18F-FDG. Ten
minutes later, dynamic thoracic-field PET acquisition
(Listmode, 1 bed position centered on heart) was
started with data acquired for a total of 90 minutes.
Listmode data from 40 minutes-100 minutes min af-
ter injection were binned into a single static time
frame for both visual and quantitative PET analyses.

For thoracic CMR, a multislice 2-dimensional (2D)
axial single-shot fast spin-echo (half-Fourier acquisi-
tion single-shot turbo spin-echo [HASTE]) sequence
and a fast 3-dimensional (3D) gradient echo (volu-
metric interpolated breath-hold examination [VIBE])
sequence were acquired. For short-axis CMR images,
a multislice 2D late gadolinium enhanced phase-
sensitive inversion-recovery (PSIR) sequence was
acquired.

PET/MR IMAGE ANALYSIS. Thoracic PET/MR images
were analyzed with the use of Osirix MD (Pixmeo),
in a blinded fashion to the clinical data by 5
independent PET/MR expert readers (M.G.T., A.M.,
ersity of New South Wales, Darlinghurst, New South
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FIGURE 1 Pulmonary Artery and Aorta 18F-FDG Uptake
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(A) Left: Yellow arrows indicate pulmonary arterial wall 18F-fluorodeoxyglucose (FDG) uptake in positron-emission tomographic (PET) scan axial slices, from caudal to

cranial; right: merged PET/magnetic resonance (MR) images. (B) Representative coronal PET/MR image showing prominent pulmonary arterial wall 18F-FDG uptake

(white arrows). (C) White arrows indicate thoracic aortic wall 18F-FDG uptake. Lung scarring with pulmonary 18F-FDG uptake is visible in the left upper part of the lung.

A ¼ aorta; PA ¼ pulmonary artery.
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T.L., A.J., N.H.). Measurements included ascending
aorta and PA diameter, presence/absence of lung
scarring, and hilar/mediastinal lymph node
enlargement. The aorta and PA diameters were
measured in a 2D HASTE sequence following the
American Society of Echocardiography and Euro-
pean Association of Cardiovascular Imaging guide-
lines (14). Upper thresholds of 35.00 mm and
30.00 mm were used for the aorta and PA, respec-
tively. Presence of lung scarring and hilar/medias-
tinal lymph node enlargement was evaluated in a
3D VIBE sequence.
Analysis of the PET signal and its quantification
was performed on fused PET/MR data sets. PET im-
ages were fused with HASTE and VIBE sequences to
qualitatively classify 18F-FDG uptake of the aortic
wall, PA wall, lung parenchyma, and lymph nodes as
either positive or negative. PET images were classi-
fied as positive for 18F-FDG uptake if a clearly visible
signal was present in the PA vessel wall compared
with the adjacent blood pool. When positive, a re-
gion of interest (ROI) was drawn around the vessel
wall at the area of highest uptake. Maximum stan-
dardized uptake values (SUVmax) were calculated



FIGURE 2 Pulmonary Artery 18F-FDG Uptake Measurement
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(A) Example of a region of interest (ROI) drawn around the pulmonary arterial wall. (B) Merged image without visible 18F-fluorodeoxyglucose

(FDG) signal in the pulmonary artery or aorta; only background signal is observed in the vessel lumen. Whisker plot (n ¼ 38) of (C) maximum

standardized uptake value (SUVmax) and (D) target-to-background ratio (TBR) of ROIs from the pulmonary artery of patients with pulmonary

artery wall 18F-FDG uptake. Minimum, maximum, IQR, median, and, as a shorter line, mean. PA ¼ pulmonary artery.
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using the injected dose, body weight, and decay-
corrected time of injection. Maximum values were
used in preference to mean values because of better
reproducibility. In addition, PA wall SUVs were
corrected for blood pool activity measured in the
RV. Specifically, the target-to-background ratio
(TBR) was calculated by dividing the SUVmax by the
SUVmean of the RV blood pool. RV 18F-FDG
uptake was classified qualitatively as positive/nega-
tive on fused PSIR cardiac short-axis images. Active
cardiac sarcoid was evaluated as described previ-
ously (11).

PATIENT DATA ACQUISITION. Patient characteris-
tics, medication, white blood cell count, C-reactive
protein, and RHC data of scanned patients
were collected retrospectively from our hospital
documentation system (Epic, Epic Systems Corp,
Verona, Wisconsin) and included in the database.

RIGHT HEART CATHETERIZATION. Measurements of
PA systolic pressure, PA diastolic pressure, mean PAP,
PA wedge pressure, cardiac output, and pulmonary
vascular resistance were collected retrospectively for
all patients in the database who underwent RHC at
the Mount Sinai Hospital. Patients that had RHC
performed within w6 months from the PET/MR scan
were included in the analysis.

ECHOCARDIOGRAPHY. Echocardiograms were reviewed
by the assigned board-certified echocardiographer
who provided the official clinical echo report and
verified independently by a second board certified
echocardiographer (S.L.L.); both were blinded to the
PET/MR data. Patients that had transthoracic echo-
cardiography (TTE) performed within w6 months
from the PET/MR scan were included in the analysis.
Siemens Syngo Dynamics software was used for
qualitative assessment of global RV systolic
dysfunction (no, mild, moderate, or severe dysfunc-
tion) and quantitative evaluation of RV functional
parameters including TAPSE and tricuspid annular S0

(m/s). RV systolic pressure assessment using
tricuspid regurgitation velocity estimated the PAP
after confirmation of the absence of pulmonic steno-
sis. Finally, assessment of the left ventricular size and
function was obtained, focusing on the left ventric-
ular ejection fraction because of its broad clinical
implications.



TABLE 1 Baseline Patient Characteristics

Total
Population
(N = 175)

With PA
18F-FDG Uptake
(n = 33 [18.9%])

Without PA
18F-FDG Uptake
(n = 142 [81.1%]) P Value

Sarcoidosis proven by biopsya 105 (60.0) 24 (72.7) 81 (57.0) NS

Age, y 58.0 � 9.9 59.7 � 7.9 57.6 � 9.9 NS

Female 70 (40.0) 18 (54.5) 52 (36.6) NS

NYHA functional class II II II NS

BMI, kg/m2 29.1 � 5.7 25.9 � 5.8 29.8 � 5.5 NS (0.064)

Systolic BP, mm Hg 128.2 � 17.0 125.2 � 16.4 128.9 � 17.2 NS

Diastolic BP, mm Hg 78.1 � 11.7 76.5 � 9.5 78.5 � 12.1 NS

Arterial hypertension 86 (49.1) 9 (27.3) 77 (54.2) 0.005

Coronary artery disease 40 (22.9) 8 (24.2) 32 (22.5) NS

Smoking history 64 (36.6) 11 (33.3) 53 (37.3) NS

Diabetes mellitus 46 (26.3) 8 (24.2) 38 (26.8) NS

Dyslipidemia 70 (40.0) 9 (27.3) 61 (42.9) NS

WBC, mm�3 7.1 � 2.0 7.8 � 2.3 7.0 � 2.0 NS

CRP, mg/L 3.9 � 4.2 5.0 � 3.4 3.9 � 4.5 NS

BNP, pg/mL 106.5 � 159.7 83.9 � 162.6 112.8 � 159.4 0.022

Troponin I, pg/mL 0.36 � 1.17 0.14 � 0.25 0.4 � 1.27 NS

Immunosuppression 80 (45.7) 20 (60.6) 60 (42.9) NS (0.056)

Oral corticosteroids 70 (40.0) 17 (51.5) 53 (37.3) NS

Other immunosuppression (eg, azathioprine,
methotrexate, chloroquine)

49 (28.0) 14 (42.4) 35 (24.6) 0.040

Beta-blocker 75 (42.9) 7 (21.2) 68 (47.9) 0.005

ACE inhibitor 27 (15.4) 3 (9.1) 24 (16.9) NS

ARB 46 (26.3) 5 (15.1) 41 (28.9) NS

PH-specific therapyb 36 (20.6) 9 (27.0) 27 (19.0) NS

Values are n (%) or mean � SD. aBiopsies included cardiac and extracardiac biopsies. bPH-specific therapy included calcium-channel blockers, endothelin receptor antagonist,
phosphodiesterase-5 inhibitors, guanylate cyclase stimulator, prostacyclin analogs, and prostacylin receptor agonist.

18F-FDG ¼ 18F-fluorodeoxyglucose; ACE ¼ angiotensin-converting enzyme; ARB ¼ angiotensin II receptor blocker; BMI ¼ body mass index; BNP ¼ B-type natriuretic peptide;
BP ¼ blood pressure; CRP ¼ C-reactive protein; NYHA ¼ New York Heart Association (NYHA) functional class; PA ¼ pulmonary artery; PH ¼ pulmonary hypertension;
WBC ¼ white blood cell count.

TABLE 2 Comparison

Patients with chest rad

Fibrosis

Reticulation

0-25%

25%-50%

>50%

Lymphadenopathy

Abbreviations as in Table 1
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CHEST RADIOGRAPHY. Detailed assessment on the
presence of fibrosis, lymphadenopathy, and degree of
reticulation (0-25%, 25%-50%, >50%) on chest radi-
ography, CMR-based HASTE and VIBE sequences was
performed by 2 blinded chest radiologists with >10
years of clinical experience.

HISTOPATHOLOGY. Specimens of a lung explant
were stained with hematoxylin and eosin and
of Chest X-Rays

With PA
18F-FDG Uptake

Without PA
18F-FDG Uptake P Value

iography 32 (97.0) 138 (97.2) NS

14 (43.8) 26 (18.8) 0.003

11 (34.4) 89 (64.5) 0.002

10 (31.3) 27 (19.6) NS

10 (31.3) 22 (15.4) 0.046

6 (18.8) 38 (27.5) NS

.

analyzed for features of atherosclerosis by an expert
pathologist (N.N.) according to published methods
(15).

STATISTICS. Categoric variables WERE presented as
n (%). Continuous variables were summarized as
mean � SD. Pearson’s chi-square and Mann-Whitney
U tests were used to make comparisons between
groups as appropriate. SUVmax and TBR were
analyzed by means of parametric and nonparametric
correlation analysis with PAP data. For nonpara-
metric association analysis, the data was divided
into 3 quantiles and analyzed by Pearson’s chi-
square and Fisher exact tests. RHC PAP values
were used if available. Otherwise, PAP values
derived from TTE were used. In addition,
multivariate-adjusted association analysis for po-
tential confounders (lung scarring, FDG uptake lung
parenchyma, immunosuppression, fibrosis according
to CXR) was performed. Sensitivity and specificity
were calculated from contingency tables including
the qualitative assessment of positive 18F-FDG in the
PA as a predictor of PH defined by RHC- or



TABLE 3 Comparison of Scans With and Without PA 18F-FDG Uptake

With PA 18F-FDG Uptake Without PA 18F-FDG Uptake P Value

No. of patients 33 (18.9)
(95% CI: 13.1%–24.7%)

142 (81.1)
(95% CI: 75.3%–86.9%)

–

PA dilation 9 (27.3) 27 (19.0) NS

PA diameter, mm 26.98 � 5.47 25.78 � 4.92 NS

Aorta dilation 8 (24.2) 27 (19.0) NS

Aorta diameter, mm 31.31 � 4.63 31.50 � 3.92 NS
18F-FDG uptake aorta 28 (87.5)

(95% CI: 76.2%–98.8%)
62 (43.7)

(95% CI: 35.5%–51.9%)
<0.001

Mean SUVmax, aorta 2.110 � 0.390 2.116 � 0.428 NS

TBR, aorta 1.458 � 0.269 not available –

SUV, ascending aorta 26 (92.9) 56 (90.3) NS

SUV, aortic arch 2 (7.1) 0 (0.0) NS

SUV, descending aorta 0 (0.0) 6 (9.7) –

Hilar/mediastinal LND enlargement 18 (54.6) 86 (60.6) NS
18F-FDG uptake, hilar/mediastinal 23 (63.6)

(95% CI: 47.2%–80.0%)
89 (62.7)

(95% CI: 54.7%–70.7%)
NS

Lung scarring 24 (72.7) 60 (42.3) <0.01
18F-FDG uptake, lung parenchyma 24 (72.7)

(95% CI: 57.5%–87.9%)
59 (41.6)

(95% CI: 33.5%–49.7%)
<0.01

RV wall 18F-FDG uptake 3 (9.1)
(95% CI: �7.1%–18.9%)

22 (15.5)
(95% CI: 9.5%–21.4%)

NS

Active cardiac sarcoid 5 (15.2) 40 (28.2) NS

Values are n (%) or mean � SD, unless otherwise indicated.

LND ¼ lymph node; RV ¼ right ventricular; SUVmax ¼ maximum standardized uptake value; TBR ¼ target-to-background ratio; other abbreviations as in Table 1.

TABLE 4 Right Heart Catheterization Results

With PA
18F-FDG Uptake

Without PA
18F-FDG Uptake P Value

Patients who underwent RHC 10 (30.3) 40 (28.2) NS

Diagnosis of PH based on RHC 9 (90.0) 18 (45.0) 0.012

Diagnosis of PH based on RHC, cutoff >20 mm Hg 10 (100) 26 (65) NS

Precapillary PH 7 (70.0) 7 (17.5) <0.001

Postcapillary PH 2 (20) 11 (27.5) NS

RHC PCWP, mm Hg 15.5 � 10.7 13.9 � 5.8 NS

RHC TPG, mm Hg 18.9 � 10.4 10.8 � 7.5 0.024

RHC CO, L/min/m2 4.5 � 1.3 5.2 � 1.6 NS

Values are n (%) or mean � SD.

CO ¼ cardiac output; PCWP ¼ pulmonary artery wedge pressure; RHC ¼ right heart catheterization;
TPG ¼ transpulmonary gradient; other abbreviations as in Table 1.
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TTE-based measurements of PAP. All analyses were
conducted at the 0.05 significance level.

ETHICS. This study complied with the Declaration of
Helsinki. It was approved by our institutional review
board, and every patient gave written informed
consent.

RESULTS

18F-FDG UPTAKE IN THE PULMONARY ARTERIES

AND AORTA CAN BE FOUND IN SARCOIDOSIS

PATIENTS. Figures 1A and 1B show 18F-FDG uptake in
the PA. The signal in the pulmonary arterial wall was
distinct from the blood pool, and the artery was
clearly and diffusely delineated by the PET tracer.
Figure 1C shows an example of thoracic aorta 18F-FDG
uptake highlighted with arrows. The applied PET
signal quantification method was based on identi-
fying clearly visible 18F-FDG uptake in the PA vessel
wall. ROIs were drawn around the area of the pul-
monary arterial wall with the highest signal intensity.
This constitutes a simple analysis method that is
easily transferable to clinical practice, where efficient
decision making based on visual image analysis is
necessary.

Figure 2A shows an example of how ROIs were
drawn around the PA vessel wall, which is highlighted
with arrows. Aorta vessel wall ROIs were drawn in the
same way. An example without any 18F-FDG uptake in
the PA or aorta vessel wall is shown in Figure 2B. In
patients who showed positive 18F-FDG uptake in the
PA, the mean SUVmax in the PA vessel wall was 2.4 �
0.8 (Figure 2C) and the mean TBR was calculated to be
1.5 � 0.4 (Figure 2D).

COMPARISON OF PATIENTS WITH PA 18F-FDG UPTAKE

VS PATIENTS WITHOUT PA 18F-FDG UPTAKE. From
March 2015 through April 2019, 175 patients with
clinical suspicion of active cardiac sarcoidosis were
included. The comparison of the baseline character-
istics of patients with and without PA 18F-FDG uptake
is presented in Table 1.



FIGURE 3 Pulmonary Artery 18F-FDG Uptake and Pulmonary Hypertension
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Whisker plots of right heart catheterization data comparing patients with and without pulmonary artery (PA) wall 18F-fluorodeoxyglucose

(FDG) uptake. (A) Mean PA pressure (PAMP), (B) mean PA systolic pressure (PASP), (C) mean PA diastolic pressure (PADP), and (D) mean

pulmonary vascular resistance (PVR) were significantly higher in patients with PA 18F-FDG uptake. The dashed line in (A) represents the

threshold for pulmonary hypertension (25 mm Hg).
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Pulmonary arterial wall 18F-FDG uptake was found
in 33 patients (18.9%). Most baseline characteristics
were similar, without significant difference between
the uptake and nonuptake group. Systemic arterial
TABLE 5 Transthoracic Echocardiography Results

With PA 18

Patients with TTE 27

At least 1 sign of PH on TTE (decreased RVEF,
TAPSE <1.7 cm, S0 <9.5 cm/s, RVSP $36 mm Hg)

14

Decreased RVEF 11
(9 mild, 0 mo

TAPSE <1.7 cm 1

S0 <9.5 cm/s 0

RVSP $36 mm Hg 6

RVSP 32.0 �
LVEF 60.

Values are n (%) or mean � SD.

LVEF ¼ left ventricular ejection fraction; RVEF ¼ right ventricular ejection fraction;
excursion; TTE ¼ transthoracic echocardiography; other abbreviations as in Table 1.
hypertension and beta-blocker use occurred with a
significantly higher rate in the nonuptake group.
There was a significantly greater use of immunosup-
pression other than oral corticosteroids in the PA
F-FDG Uptake Without PA 18F-FDG Uptake P Value

(81.8) 124 (87.3) NS

(51.9) 37 (29.8) 0.028

(40.7)
derate, 2 severe)

22 (17.7)
(10 mild, 5 moderate, 7 severe)

0.009

(3.7) 3 (2.4) NS

(0.0) 11 (8.9) NS

(22.2) 22 (17.7) NS

12.3 mm Hg 30.2 � 9.9 mm Hg NS

0 � 8.7 53.4 � 14.3 0.018

RVSP ¼ right ventricular systolic pressure; TAPSE ¼ tricuspid annular plane systolic



FIGURE 4 Correlation of SUVmax and TBR With PA Pressure
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uptake group. A larger percentage was female in the
uptake group, but this difference did not reach sta-
tistical significance.

Chest radiography was available in more than 95%
of the patients in both groups. There were signifi-
cantly higher rates of fibrosis in patients with PA
18F-FDG uptake and significantly higher rates of high-
grade reticulation in patients with PA 18F-FDG up-
take, similarly to CMR, where lung scarring was seen
with a significantly higher rate in scans with PA 18F-
FDG uptake. Low-grade reticulation was significantly
more frequent in patients without PA 18F-FDG uptake.
A statistical difference in the lymphadenopathy
detected by CXR was not observed (Table 2).
PATIENTS WITH PA 18F-FDG UPTAKE HAVE A HIGH

RATE OF CONCOMITANT AORTIC 18F-FDG UPTAKE.

A comparison of scans with PA wall 18F-FDG uptake
and scans without PA wall 18F-FDG uptake is
presented in Table 3. In 33 patients (18.9%), uptake of
18F-FDG was found in the PA wall, whereas in 142
scans (81.1%) no uptake was observed. In the PA up-
take group, 28 scans (87.5%) had concomitant 18F-
FDG uptake of the aortic wall. In contrast, only 63
scans (43.7%) without PA 18F-FDG uptake had
concomitant 18F-FDG uptake of the aorta (P < 0.001).
Lung scarring (72.7% vs 42.3%) and 18F-FDG uptake of
the lung parenchyma (72.7% vs 41.6%) was observed
at a significantly higher rate (P < 0.01) in scans with
PA 18F-FDG uptake. An example of lung scarring is
given in Supplemental Figure 1. Only 3 scans (9.1%) in
the PA 18F-FDG uptake group had concomitant RV
wall 18F-FDG uptake. The rate of active cardiac
sarcoid based on the Heart and Rhythm Society (HRS)
criteria (12) was higher in patients without PA 18F-
FDG uptake (15.2% vs 28.2%), but this difference did
not reach statistical significance.

https://doi.org/10.1016/j.jcmg.2021.05.023


TABLE 6 Multivariate-Adjusted Association Analysis of SUVmax and PA Pressure

in mm Hg

Coefficient 95% CI P Value

SUVmax 4.891654 1.659438 to 8.123871 0.005

Lung scarring 4.102846 �3.29336 to 11.49905 0.262
18F-FDG uptake, lung parenchyma 0.7570271 �6.450856 to 7.964911 0.83

Immunosuppression �0.9472938 �6.724939 to 4.830352 0.737

Fibrosis by CXR �3.09836 �8.208268 to 2.011548 0.222

CXR ¼ chest x-ray; other abbreviations as in Tables 1 and 3.

TABLE 7 Multivariat

TBR

Lung scarring
18F-FDG uptake lung p

Immunosuppression

Fibrosis by CXR

Abbreviations as in Tables
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18F-FDG UPTAKE IS ASSOCIATED WITH PH. To test
the hypothesis that PA 18F-FDG uptake is associated
with PH, we collected RHC data when available
(Table 4). Approximately 30% of all patients under-
went RHC in both groups. The diagnosis of PH was
made in 9 patients (90%) in the PA 18F-FDG uptake
subgroup and in 18 (45%) in the nonuptake subgroup
(P ¼ 0.012). Of note, the only patient without the
diagnosis of PH based on RHC in the PA 18F-FDG up-
take group had a PA mean pressure of 24 mm Hg,
which would be diagnostic for PH according to the
latest consensus documents, where the cutoff has
been lowered from 25-20 mm Hg.

PA mean pressure, PA systolic pressure, PA dia-
stolic pressure, and pulmonary vascular resistance
were significantly higher in the PA FDG uptake group
(Figure 3).

We also analyzed the available TTE data. TTE was
available for more than 80% of scanned patients in
both groups; 51.9% of patients with PA 18F-FDG up-
take showed at least 1 sign (out of 4 analyzed signs:
decreased RV function, TAPSE <1.7 cm, S0 <9.5 cm/s,
RV systolic pressure $36 mm Hg) of PH, whereas only
29.8% of the patients in the nonuptake group showed
at least 1 sign of PH on echocardiography. A decreased
RV ejection fraction was observed in 40.7% of the
patients in the PA 18F-FDG uptake group compared
e-Adjusted Association Analysis of TBR and PA Pressure in mm Hg

Coefficient 95% CI P Value

8.200624 2.638676 to 13.76257 0.006

2.220797 �5.154359 to 9.595952 0.539

arenchyma 2.888862 �4.294898 to 10.07262 0.413

0.6184713 �5.224795 to 6.461738 0.828

�6.322047 �11.43347 to �1.210629 0.018

1, 3, and 6.
with 17.7% in the nonuptake group (P ¼ 0.009). Left
ventricular ejection fraction was significantly lower in
the nonuptake group (Table 5).

SUVmax AND TBR OF PA 18F-FDG UPTAKE CORRELATE

WITH PAP. PAP measurements derived from TTE and
RHC were pooled and correlated with SUVmax and
TBR from PET/MR scans. If available, RHC data were
preferred to TTE. In patients with higher 18F-FDG up-
take in the PA vessel wall, there was a correlation be-
tween SUVmax and PA pressure (R ¼ 0.56; P ¼ 0.002)
and between TBR and PA pressure (R¼0.43; P¼0.022)
(Figures 4A and 4B), which was consistent after
excluding outliers (Supplemental Figure 2). The as-
sociation between TBR and PAP was confirmed by
nonparametric analysis (Supplemental Tables 2 and 3).
Furthermore, the association remained statistically
significant after multivariate-adjusted analysis
(Tables 6 and 7).

Finally, patients with higher grade of RV dysfunc-
tion showed higher SUVmax (severe dysfunction vs
no dysfunction: P ¼ 0.058) (Figures 4C and 4D).
18F-FDG PET SHOWS DIAGNOSTIC ACCURACY FOR

DETECTION OF PH. The sensitivity and specificity of
the qualitative assessment of 18F-FDG uptake in the
PA for detecting PH for various definitions of PH,
including different cutoffs for RHC PAP and signs of
PH on TTE, are presented in Table 8.

The sensitivity of qualitative assessment of PA 18F-
FDG uptake for detection of RV dysfunction was
33.3% and the specificity 86.4%.

DISCUSSION

This study demonstrated that 18F-FDG uptake within
the PAs in individuals with clinical suspicion of active
cardiac sarcoidosis identifies a subgroup with
elevated PAPs with good diagnostic accuracy. PET/
CMR, well suited for evaluation of disease activity in
sarcoidosis (11,16), allowed for clear delineation of the
18F-FDG uptake within the PA wall distinct from the
blood pool: 18.9% of our patients demonstrated 18F-
FDG uptake in the PA. This shows concordance with
the previously described prevalence of sarcoidosis-
associated PH (3). There was a correlation between
18F-FDG uptake intensity and degree of PH. This
finding carries significant potential and might help to
identify this subset of patients who historically have
had a poorer expected clinical prognosis (17).

Mechanistically, PH causes chronic inflammation
with or without significant atherosclerosis in the
PA wall with accumulation of metabolically active

https://doi.org/10.1016/j.jcmg.2021.05.023
https://doi.org/10.1016/j.jcmg.2021.05.023


TABLE 8 Sensitivity and Specificity Based on Visual Assessment of 18F-FDG Uptake With

Different Cutoffs for PH

Cutoff for PH Sensitivity Specificity

RHC (MPAP $25 mm Hg) 33.3 95.7

RHC (MPAP >20 mm Hg) 27.8 100.0

TTE (RVSP $36 mm Hg) 28.6 83.8

TTE (1 sign of PH: decreased RV function, TAPSE <1.7 cm, S0 <9.5 cm/s, or
RVSP $36 mm Hg)

27.5 87.0

Combined (MPAP $25 mm Hg or RVSP $36 mm Hg) 27.3 80.2

Combined (MPAP $25 mm Hg or 1 PH sign on TTE) 25.8 88.4

Values are %.

MPAP ¼ mean pulmonary artery pressure; other abbreviations as in Tables 1, 3, 4, and 5
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inflammatory cells (18,19). In patients with long-
standing and severe PH, atheromatous lesions may be
present (20). Immune cells with high metabolic ac-
tivity demonstrate 18F-FDG avidity, which can be
detected by means of PET (21). An explanation for the
correlation of PAP and PA 18F-FDG uptake found in
this study could be that a higher blood pressure in the
lung circulation causes more inflammation with more
18F-FDG uptake or that 18F-FDG uptake represents
longstanding severe PH with atheromatous lesions
(22). Figure 5 shows a representative histological
section of an explanted PA from a patient with PH and
interstitial lung disease, showing foamy macro-
phages, fatty streaks, pathologic intimal thickening,
extracellular lipid deposition, and microcalcification.
Whether these pathologic findings are also seen in
sarcoidosis as a result of the high hemodynamic load
will need to be explored in dedicated studies.

Although the present study included only patients
with suspected cardiac sarcoidosis, we hypothesize
that our finding with 18F-FDG PET imaging may have
broader clinical utility in diagnosing PH across a
spectrum of conditions resulting in elevated PAPs.
Given the prognostic relevance of PH (4), the identi-
fication of 18F-FDG uptake might be useful in patients
undergoing PET/MR testing for other clinical in-
dications, such as myocarditis.
FIGURE 5 Histologic Features of Atherosclerosis in the Pulmonary A

A

B

Left: (A) low (�10) and (B) high (�20) magnification of a pulmonary art

equivalent to the fatty streak seen in the systemic arteries. Right: (C) lo

artery lesion with features of pathologic intimal thickening with numero

arrow), and microcalcification (brown arrows).
Baseline characteristics were mostly similar be-
tween the 2 groups; however, there was a higher rate
of arterial hypertension and beta-blocker use in the
nonuptake group. Clinical evidence for efficacy of
beta-blockers in PH is not described (23). PA di-
ameters and the proportions with PA dilation were
similar in both groups. The proportions of patients
with lymphadenopathy were similar in both groups.

Fibrosis of the lung is an important cause of PH and
relevant in sarcoidosis-associated PH (3). More lung
fibrosis as detected by chest radiography was seen in
the PA 18F-FDG uptake group, and a precapillary eti-
ology for PH was more likely to be observed in
rtery

C

D

ery lesion with numerous foamy macrophages (black arrow). This is

w (�10) and (D) high (�20) magnification of another pulmonary

us foamy macrophages (black arrows), extracellular lipid (yellow



CENTRAL ILLUSTRATION 18F-Fluorodeoxyglucose Uptake in the Pulmonary Artery Correlated With
Pulmonary Pressure
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Pulmonary artery (PA) 18F-fluorodeoxyglucose (FDG) uptake by positron-emission tomographic/cardiac magnetic resonance is associated with pulmonary hypertension

and its intensity correlates with PA pressure. PAMP ¼ mean PA pressure; RHC ¼ right heart catheterization; SUVmax ¼ maximum standardized uptake value; TTE ¼
transthoracic echocardiography.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: In a single-

center cohort of patients with suspected cardiac sarcoidosis,

increased 18F-FDG uptake in the PA detected by means of PET/

CMR was associated with PH. This finding had good diagnostic

accuracy and correlated well with increased PAP. The observed

prevalence of PA wall 18F-FDG uptake was in agreement with the

previously described prevalence of PH in sarcoidosis.

TRANSLATIONAL OUTLOOK: 18F-FDG uptake in the PA as a

marker of PH carries significant potential to identify patients with

previously undiagnosed PH and could be a useful noninvasive

marker for this disease. Further investigation is warranted to

evaluate its utility to monitor the effects of therapy and the

prevalence of this finding in conditions other than sarcoidosis.
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patients with 18F-FDG uptake; left ventricular ejec-
tion fraction was largely normal in this group.

We found an 87.5% rate of concomitant 18F-FDG
uptake of the aorta in the PA 18F-FDG uptake group
(Central Illustration). Paradoxically, patients in the
PA 18F-FDG uptake group demonstrated more aortic
18F-FDG uptake despite having a lower rate of
systemic hypertension. Possible explanations for
this finding include a higher rate of antihypertensive
medication use, including beta-blockers, in the
group with systemic hypertension. Another possible
explanation could be a higher systemic level of
inflammation in the group with increased 18F-FDG
uptake in the PA, because 18F-FDG uptake in the
lung parenchyma was also more frequently observed
in the PA uptake group. Nevertheless, white blood
cell counts and C-reactive protein levels were
similar between the groups, and active cardiac
sarcoidosis, defined by the HRS criteria, was more
common in the PA 18F-FDG nonuptake group.
Interestingly, patients in the PA 18F-FDG uptake
group were more likely to be on immunosuppressive
drugs. The rates of detected lymphadenopathy were
similar in the 2 groups according to both radiog-
raphy and CMR.

Finally, forthcoming updated guidelines for PH
define a cutoff of 20 mm Hg mean PAP for the diag-
nosis of PH (5). Current guidelines express equipoise
regarding the clinical significance of a mean PAP from
21 to 24 mm Hg (4). Using a mean pressure of
>20 mm Hg to define PH in our study, all of the pa-
tients in the PA 18F-FDG uptake group who also had
RHC would have had the diagnosis of PH. This lower
cutoff would result in a higher specificity (100%) for
the detection of PH.

STUDY LIMITATIONS. First, while we demonstrate a
correlation between PA uptake of 18F-FDG and
increased PAP, the impact of general inflammation
caused by sarcoidosis on the 18F-FDG uptake in PA
wall is uncertain. Nonetheless, good evidence exists
in the published reports to support the hypothesis
that increased arterial pressure correlates with 18F-
FDG uptake (24). Second, each of the diagnostic
studies occurred at different times; we tried to
mitigate this effect by including studies performed
within the closest possible time frame from the
PET/CMR, TTE, CXR, and RHC. Finally, we could
not quantify sarcoidosis disease activity, because
there is no specific activity biomarker for sarcoid-
osis that could have been collected on the day of
the PET/CMR.

CONCLUSIONS

In patients with sarcoidosis, increased 18F-FDG up-
take in the PA according to PET/CMR correlates well
with increased PAP. We report a prevalence of PA wall
18F-FDG uptake of 18.9%, which is in agreement with
the previously described prevalence of PH in
sarcoidosis, and a specificity as high as 100%. Further
investigation is warranted to evaluate the potential
prognostic value of 18F-FDG uptake in the PA in this
and/or other forms of PH and its utility to monitor the
effects of therapy.
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