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Abstract: FDG-PET has been shown to be a useful imaging modality for the assessment of cardiovascular infection
and inflammatory pathologies. However, interpretation of these studies can be challenging in light of the variability
of physiological myocardial uptake and, occasionally, interpreter’s lack of familiarity with the typical findings present
in cardiac pathologies. In this article, we review established and emerging applications for cardiovascular infection
and inflammation imaging with FDG-PET and present typical examples of representative pathologies.
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Introduction

Fluoro-deoxyglucose positron emission tomog-
raphy (FDG-PET) has long been known to be
useful in the assessment of systemic infectious
and inflammatory processes, such as spondyl-
odiscitis, osteomyelitis, sarcoidosis, and hard-
ware infection [1-6]. However, application of
FDG-PET for the evaluation of cardiovascular
infection and inflammation has been slower to
flourish, likely due to difficulties in distinguish-
ing between pathological and physiological
myocardial FDG uptake. Nonetheless, thanks
to the development of reliable myocardial sup-
pression protocols, there have been significant
advances recently in the use of FDG-PET for
the imaging of cardiovascular infection and
inflammation.

Increased FDG uptake is a hallmark of immune
inflammation as neutrophils, cells of the mono-
cyte/macrophage family, and lymphocytes are
able to express high levels of glucose trans-
porters (in particular GLUT1 and GLUT3) and
hexokinase activity [7], with uptake mediated
by various cytokines. This specificity of the
uptake mechanism, particularly in the tissues
of the cardiovascular system, underpin the

potential utility of FDG-PET for the evaluation of
cardiovascular infection and inflammation.

The purpose of this article is to review
both well-established and emerging applica-
tions in the use of FDG-PET for assessing
cardiovascular inflammation that radiologists,
nuclear medicine specialists, and cardiologists
may encounter.

Cardiac metabolism and myocardial suppres-
sion techniques

Cardiovascular FDG-PET imaging differs from
other FDG-PET applications due to the highly
variable and unpredictable nature of physiologi-
cal myocardial FDG uptake. As versatile meta-
bolic omnivores, cardiomyocytes are able to
metabolize free fatty acids, glucose, lactate,
ketones, pyruvate, and even certain types of
amino acids based on blood glucose levels,
activity, endocrine factors, and recent diet [8].
This is reflected in a highly variable pattern of
physiological FDG uptake. In order to identify
pathological uptake, and thus be able to inter-
pret cardiac FDG-PET studies, it is essential to
suppress physiological glucose uptake - this is
generally accomplished through a combination
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Figure 1. The variability of cardiac uptake on FDG-PET necessitates the use of a more stringent pre-scan patient
preparation for cardiac applications then in the case of oncology. In this patient, initial PET images (upper panels)
were acquired following a standard oncological protocol (4 hr fast prior to injection). Diffuse uptake is seen through-
out the left ventricular myocardium, severely limiting the ability to assess for any cardiac pathology. A repeat study
was acquired following a dedicated cardiac protocol. On these images, note the absence of any significant myocar-

dial uptake.

of fasting and dietary changes in order to con-
vert cardiomyocyte metabolism to using free
fatty acids as a substrate. In particular, patients
undergoing FDG-PET for cardiovascular indica-
tions should not be prepared in the same fash-
ion as oncology patients (i.e. 4 hr fast alone) as
physiological cardiac uptake is not reliably sup-
pressed in these patients.

Recent SNMMI-ASNC guidelines recommend
the use of a combination of prolonged (12-18
hr) fasting, conversion to a high-fat, low-carbo-
hydrate, protein-permitted diet, and intrave-
nous unfractionated heparin (UFH, 50 IU/kg
intravenous bolus of UFH approximately 15 min
before 18F-FDG administration) [9]; however,
even with strict adherence to such a regimen,
it's noted that complete myocardial suppres-
sion may not be achieved in up to 20% of
patients. In these cases, typical patterns of
incomplete suppression are often seen. Factors
which have been shown to be associated
with decreased cardiac FDG uptake include
diabetes, levothyroxine, and bezafibrate [10].
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Conversely, heart failure, valvulopathy, cardio-
toxic chemotherapy, corticosteroids and the
use of benzodiazepines have been shown to be
associated with increased cardiac uptake [10].
Figure 1 illustrates the potential difference in
the degree of myocardial FDG uptake seen fol-
lowing an oncological preparation versus a ded-
icated cardiac preparation.

Cardiovascular inflammatory pathology

Cardiac sarcoidosis

Sarcoidosis is a granulomatous disease of
unknown etiology which can affect virtually any
organ system. There is increasing recognition
of the importance of identifying cardiac involve-
ment due to the association of cardiac sarcoid-
osis (CS) with arrhythmias and the risk of sud-
den cardiac death [11] (Figure 2). Recent guide-
lines have appeared governing the use of FDG-
PET for the assessment of patients with sus-
pected cardiac disease [9]. The diagnosis of CS
is not made on the basis of FDG-PET findings
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Figure 2. Sarcoidosis is a commonly encountered finding on FDG-PET. Cardiac involvement is challenging to assess
unless the patient has undergone appropriate dietary preparation. This 61-year-old woman had an atrioventricular
block on her electrocardiogram. FDG-PET revealed diffuse mediastinal lymphadenopathy (best seen on the MIP im-
ages), as well as evidence of cardiac (arrow), lung (arrow), and bone (arrow) involvement.

alone - rather, PET findings are incorporated
into diagnostic criteria (either the Heart Rhythm
Society (HRS) or Japanese Ministry of Health
and Welfare (JMHW) [12, 13]) with the diagno-
sis established by a combination of pathology,
imaging, clinical and/or electrocardiogram
findings.

In a recent meta-analysis, FDG-PET was shown
to have a sensitivity/specificity of 89%/78% for
active CS using the JMHW criteria as gold stan-
dard [14]; however, the accuracy of this test is
difficult to establish due to the lack of a true
pathological gold standard. PET findings in CS
include focal or patchy myocardial uptake. In
addition, extra-cardiac findings such as FDG-
avid lymphadenopathy are seen in the majority
of patients with CS. These latter findings are
helpful in supporting a diagnosis of CS as focal
myocardial uptake is non-specific and can be
seen in patients with myocarditis or hibernating
myocardium.

Myocarditis

Myocarditis - inflammation of the myocardium -
is a non-specific process which can be caused
by a number of different factors, including
viruses, autoimmune diseases, and various
medications. Echocardiography is known to
have low sensitivity when compared to cardiac
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magnetic resonance (CMR) [15]. On the other
hand, FDG-PET has been shown to have high
accuracy for the diagnosis of myocarditis [16],
with good agreement when compared to CMR
[15]. This is particularly advantageous in light
of the fact that many patients with myocarditis
can have MR contraindications (i.e. pacemak-
er) due to associated arrhythmias.

When compared to CS, FDG-PET findings in
myocarditis generally show more diffuse uptake
(Figure 3); however, the distinction can be chal-
lenging and extra-cardiac findings, as well as
clinical history, can serve as important ancillary
findings. Given the more diffuse uptake seen in
myocarditis, distinction between inflammation
and poor myocardial suppression may be chal-
lenging in some cases.

Vasculitis

Vasculitis, inflammation of vessels walls, is tra-
ditionally classified by vessel size into small,
medium, and large vessel disease. Vasculitides
can be caused by infectious agents, autoim-
mune disorders, paraneoplastic phenomena,
or be a reaction to chemicals or drugs. Due to
the ubiquitous presence of vessels in the body
and all organ systems, clinical manifestations
of vasculitis are protean and diagnosis can be
challenging.
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Figure 3. Typical findings of myocarditis in a 41-year-old male with biopsy proven lymphocytic myocarditis. Note the
diffuse myocardial uptake and the lack of extracardiac findings on the MIP image (A). On axial images PET/CT im-
ages (B), diffuse uptake is seen predominantly in the anterior/anterolateral wall of the left ventricle (arrow). On CMR
T2 STIR sequence (C), mild, diffuse edema is seen throughout the left ventricular wall (arrow).

FDG-PET has shown high sensitivity and speci-
ficity for the diagnosis of vasculitis and results
in significant impact on management when
compared to conventional imaging [17, 18]
(Figure 4); however, diagnostic performance
can suffer in patients undergoing anti-inflam-
matory treatment [19]. Joint EANM/SNMMI/
PIG guidelines on the use of FDG-PET for large
vessel vasculitis and polymyalgia rheumatica
imaging have recently appeared [20]. These
have proposed interpretation criteria consist-
ing of a graded approach for the assessment of
vascular uptake of FDG: O = no uptake (< medi-
astinum); 1 = low-grade uptake (< liver); 2 =
intermediate-grade uptake (= liver), 3 = high-
grade uptake (> liver). Grade 2 and 3 uptake
is considered possibly indicative and po-
sitive, respectively, for active large vessel vas-
culitis. Small studies have shown a decreased
in vascular FDG uptake following successful
immunosuppressive therapy [18], suggesting
FDG-PET could play a role in monitoring treat-
ment response in patients with vasculitis.
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Nonetheless, low grade FDG uptake may be
seen several months after successful therapy
with complete study normalization observed in
only 20% of patients [21]. In that context, fur-
ther studies are needed to assess the role of
FDG-PET in the monitoring of response to
therapy.

An advantage of FDG-PET over conventional
imaging is the ability to identify articular/peri-
articular inflammatory activity, which frequently
co-exists in patients with vasculitis. These fea-
tures can be useful in distinguishing between
the various vasculitides.

A possible confounder for vasculitis is athero-
sclerosis, where FDG uptake can be seen with-
in active plaques; however, the distribution of
atherosclerotic uptake is generally patchy, com-
pared to the smoother uptake seen in vasculi-
tis. Finally, persistent blood pool activity may
affect image interpretation. In those cases,
delayed imaging acquired between 120 to 180
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Figure 4. Example of large vessel vasculitis in a 74-year-old man with
giant cell arteritis involving bilateral subclavian and axillary arteries. Mild
involvement of the bilateral iliac and femoral arteries is also noted.

minutes after tracer injection may improve
visualization of the vascular walls [22]. Of note,
interpretation criteria have been validated for
60 min PIV imaging and have not been validat-
ed for delayed imaging [20].

Atherosclerosis
Atherosclerosis plays a key role in myocar-

dial infarction, cerebrovascular accidents, and
peripheral vascular disease. Given the key role
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that inflammatory cells play in the
pathophysiology of atheroscle-
rotic lesions and plaque rupture
in particular, FDG-PET has a
potential role in the assessment
of unstable plaques. Histopatho-
logical studies using carotid en-
darcterectomy samples have sho-
wn excellent correlation between
macrophage density and FDG
uptake [23]. Potential applica-
tions of FDG-PET in this context
include  prognostication and
assessment of therapeutic effi-
cacy. For the former, studies have
shown that FDG uptake in large
vessels was a strong predictor of
subsequent cardiovascular even-
ts [24]. In addition, multiple stud-
ies have shown that anti-athero-
sclerotic therapy resulted in de-
creases of FDG uptake [25]. The
cardiovascular committee of the
EANM have recently produced a
position paper on the use of FDG-
PET for atherosclerosis imaging.
Amongst some of the recommen-
dations proposed is a prolonga-
tion of the time between injection
to imaging, which should be
extended to 2 hours (from approx-
imately 1 hour) in order to allow
or increased clearance of blood
pool activity, resulting in an in-
crease in visibility of uptake in
atherosclerotic plaque. Further-
more, the same vascular territo-
ries should be compared on se-
quential studies due to inherent
variability within different arterial
regions. Use of the target to back-
ground ratio (TBR), defined as the
ratio of the SUV,,_ in a lesion or
arterial wall to venous blood pool
SUV,,.... is recommended over
the use of SUV; however, multiple different
quantitative approaches have been developed
(i.e. TBRMaX, TBRMean, “most diseased segment”,
“active segment analysis”) and use of a particu-
lar approach should be determined by the spe-
cific aim of the study. Overall, this is an emerg-
ing application for FDG-PET and further studies
are required in order to establish its best use in
this context. Numerous other non-FDG PET
tracers have also demonstrate early promise
for the imaging of atherosclerosis [26].
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Figure 5. FDG PET/CT of a 51-year-old male status post aortic valve and ascending aorta replacement 10 years
prior to the PET study. Multiple areas of abnormally increased FDG uptake are seen throughout on the body on the
MIP images (left). Increased FDG uptake (arrow) is seen anteriorly to the aortic valve prosthesis (right). A focus of
uptake in the spleen was compatible with a splenic abscess. Finally, areas of focally increased uptake are seen
in both legs, with corresponding hypodensities on CT (not shown), compatible with intramuscular abscesses. The
findings are compatible with an infectious endocarditis with septic emboli. Culture of the mechanical valve grew

Staphylococcus capitis.

Ventricular arrhythymias

Myocardial inflammation contributes to car-
diomyocyte damage and the development
of myocardial fibrosis which, in turn, can lead
to the formation of arrhythmogenic foci.
Identifying these foci, which constitute po-
tential targets for catheter ablation, is a sig-
nificant clinical challenge. FDG-PET has be-
en used in the assessment of subjects
with unexplained ventricular arrhythmias
(frequent PVCs, sustained ventricular tachy-
cardia, or ventricular fibrillation) of unknown
cause. These studies showed that the
majority of subjects evaluated by FDG-PET
demonstrated abnormal myocardial uptake
despite adherence to an appropriate suppres-
sion protocol [27]. In one study, correlation with
endomyocardial biopsy results confirmed that
the majority (90%) of these subjects demon-
strated pathological evidence of either granulo-
matous (60%) or non-granulomatous (30%)
inflammation [27]. Use of FDG-PET in this con-
text represents an emerging application which
may prove to be clinically useful in the near
future.
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Cardiovascular infection
Prosthetic valve endocarditis

Infective endocarditis (IE) is associated with
significant morbidity and mortality. Diagnosis of
IE is usually accomplished through the use of
the modified Duke criteria [28]. FDG-PET has
been shown to be a useful imaging modality for
the assessment of the prosthetic valve IE [29]
with higher sensitivity than leukocyte scintigra-
phy [30]. In fact, inclusion of FDG-PET positivity
as a major criterion has been shown to signifi-
cantly improve sensitivity of the modified Duke
criteria [31]. In addition, extra-cardiac manifes-
tations of IE identified on FDG-PET/CT can sig-
nificantly affect management and prognosis of
patients with IE [32]. Extra-cardiac findings of
relevance include septic emboli found in
30-55% of cases [32]. When an FDG-PET scan
is performed for the workup of suspected endo-
carditis, whole body images allow detection of
septic emboli- a finding highly suggestive for
the diagnosis of infectious endocarditis. Figure
5 shows an example of a prosthetic valve IE.
Finally, increased splenic uptake has also been
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Figure 6. 74-year-old septic female with fever and leukocytosis. FDG PET/CT with cardiac suppression revealed focal
cardiac uptake on the images (A) which localizes to the aortomitral junction (arrow) on axial images (B). Transesoph-
ageal echocardiography (C) demonstrated heterogeneous thickening of the aortomitral junction with several small
mobile masses attached to the aortic and mitral valves, in keeping with native valve endocarditis and an aortomitral

junction phlegmon/abscess.

associated with PVE and could represent a new
minor criteria, but further studies are needed
to confirm this finding [31].

It should be noted, however, that the use of
FDG-PET in this context can be associated with
false-positives [31]. FDG uptake at the site of a
prosthetic valve may simply reflect physiologi-
cal myocardial uptake or may represent a reac-
tion to the adhesive used during surgery (e.g.
biological glue) [33], or as a foreign-body reac-
tion to suture material [34]. Valve thrombosis
has also been associated with false positive
studies [35]. False-negative results can occur
in the case of previous antibiotic therapy, car-
diac motion, or in small vegetations.

Native valve endocarditis

The use of FDG-PET for the assessment of
native valve |IE has been less widely studied
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than for prosthetic valve |IE [36]; however, stud-
ies have shown that, like in the case of pros-
thetic valve IE, include of FDG-PET positivity in
the modified Duke criteria also results in an
increase in sensitivity [37]. As in the case of
prosthetic valves, limitations include physiolog-
ical myocardial uptake, previous antibiotic ther-
apy, cardiac motion, and in small vegetations.
Figure 6 shows an example of native valve IE.
As no physiological or inflammatory uptake
should be seen in native valves, any focal
uptake greater than blood pool at the valve or
valve supporting structure, excluding papillary
muscles, is suspicious for NVE [37]. Importantly,
the sensitivity of FDG-PET has been reported to
be lower in NVE compared to PVE.

Vascular graft infection

Vascular graft infection (VGI) has been report-
ed in up to 15% of patients [38]. Accurate and
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Figure 7. Example of an infected aortic graft. A 48-year-old male underwent a Bentall procedure (graft replacement
of the aortic value, root, and ascending aorta) three years prior to the PET study. On the low-dose, unenhanced CT
(A), a soft-tissue density (arrow) is visible anterior to the aortic graft which demonstrated focally increased FDG up-
take (arrow) (B), but no significant activity (arrow) on a radiolabelled white blood cell (WBC) study (C). Despite this,
imaging findings were compatible with an aortic graft infection. Cultures of this collection grew Kingella kingae. The
low virulence of the pathogen and the chronicity of this process may explain the lack of WBC uptake.

timely diagnosis of VGI is essential yet often
challenging as the symptoms can be vague. A
recent meta-analysis has shown that the use of
FDG-PET offers high accuracy for the detection
of vascular graft infection [39]. As for endocar-
ditis, the criteria for positivity include both qual-
itative and quantitative approaches: in addition
to the use of SUV,__ or TBR, focal and graded
uptake scales have been proposed [40]. An
example of an infected aortic root graft is
shown in Figure 7.

Beyond diagnosis, some studies have suggest-
ed that FDG-PET may play a role in guiding
therapeutic response in patients with VGI
[41]. Interestingly, a correlation between CRP
and SUV is reported to be present in only a sub-
set of patients, suggesting that SUV could
potentially serve as an independent biomarker
to assess therapy response in patients with
VGL.

Some limitations in the use of FDG-PET for the
assessment of VGI need to be recognized. In
particular, it has been shown that the use of
adhesives on prosthetic grafts can result in
areas of focal or patchy uptake which can
be mistaken for areas of infection [42].
Furthermore, prosthetic vascular grafts can
demonstrate diffuse FDG uptake even in the
absence of infection, with the degree of uptake
persisting for years following surgery [43].

Cardiac implantable electronic device (CIED)
infection

CIED infections can occur at the level of the
pocket, leads, or both. Management is usually
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dependent on the severity and location of the
infection with either deep pocket infections or
involvement of the leads requiring surgical
extraction of the device, while more superficial
infections can typically be treated with antibi-
otic therapy. FDG-PET has been shown to be
accurate in the diagnosis of CIED infection [44].
FDG-PET can also assess for concomitant
involvement of the valves, although its sensitiv-
ity in that context has been reported to be lower
compared to PVE [45].

While FDG uptake in the pocket and along
the leads is expected in the immediate post-
implantation period, the degree of uptake
should be mild and diffuse, involving the entire-
ty of the pocket. Focal or intense uptake is con-
sidered suspicious for the presence of infec-
tion. Evaluation of the leads is more challenging
than the pocket (likely related to their small
size) reflected in the relatively low sensitivity
(60%) for lead infection [44]. Focal or inhomo-
geneous uptake along the leads is suspicious
for lead infection (Figure 8).

LVAD infection

Left ventricular assist devices (LVADs) are
increasingly being used in patients with heart
failure, both as bridge to transplant and as des-
tination therapy. Unfortunately, a complication
of LVADs is concomitant infection of the drive-
line, pump, cannula, or peri-LVAD soft tissues.
It has been shown that FDG-PET can be useful
for the diagnosis of early LVAD infection [46].
An example of an LVAD infection is shown in
Figure 9.
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Figure 8. FDG PET/CT of a 73-year-old male with pain at the site of a pacemaker installed 2 years prior to the study.
Focally increased FDG uptake is seen along the lead (arrowhead on the MIP image (A). Furthermore, increased
FDG uptake is seen surrounding the generator/battery (arrow) on both the fused (B) and non-attenuation corrected
images (C). Uptake greater than lung activity on the non-attenuation corrected images suggests infection. These
findings are compatible with pacemaker infection involving the pocket and lead. The patient underwent pacemaker

extraction and replacement. Culture obtained during the procedure confirmed infection of the lead and pocket with
Staphylococcus scheleiferi.

Figure 9. FDG PET/CT and WBC scans of a 54-year-old male post LVAD (HeartMate Il) insertion presenting with skin
drainage at the level of the xiphoid. On the PET MIP image (A), increased uptake is seen on the sternotomy line
extending along several ribs, with corresponding cartilaginous destruction on CT (B, arrow), compatible with ster-
nal osteitis involving several ribs. Uptake along the driveline (arrowhead), associated with emphysema on CT (not
shown), and along the outflow tract is also compatible with infection. Activity around the inflow tract at the apex (B,
*) is normal, can persist for several months, and likely represents inflammation. The WBC scan (C) shows a com-
plete absence of white cell uptake in the sternum, rib, and around the device. Extensive infection of the sternum,
ribs, and device with Aspergillus flavus was confirmed following surgical drainage.

A recent meta-analysis examined the diagnos-
tic accuracy of FDG-PET in the assessment of
LVAD infection [47]. The authors proposed a
diagnostic algorithm for the workup of suspect-
ed LVAD infection recommending that PET be
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used in cases with persistent diagnostic uncer-
tainty following a conventional workup, or in
patients in whom surgical exploration is
deemed high risk. Furthermore, these authors
also stressed the importance of reviewing the
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non-attenuation corrected images as attenua-
tion corrected images can result in false-posi-
tives due to over-correction of the PET images
due to the proximity with metal densities. It was
found that PET sensitivity for LVAD infection
was 92% with a slightly lower specificity of 83%.
A subsequent meta-analysis, which included a
greater number of studies and patients, report-
ed an improved diagnostic performance (sensi-
tivity/specificity of 95%/91%) [48].

FDG-PET vs WBC

Infection imaging with radiolabeled (either with
In111 or Tc99m) white blood cells (WBCs) has
been shown to be highly accurate for the detec-
tion of many different types of infections (e.g.
osteomyelitis, periprosthetic infection); howev-
er, the literature supporting it's use for cardio-
vascularinfectionsis more limited. Furthermore,
the literature comparing radiolabeled WBCs
with FDG-PET imaging for cardiovascular infec-
tion is even more limited; nonetheless, studies
have suggested that FDG-PET is superior to
WBC imaging in the evaluation of infective
endocarditis [49] and LVAD infection [50].

A possible explanation for the superiority of
FDG over WBC imaging may be related to the
greater spatial resolution afforded by the use of
a PET camera, rather than a conventional
gamma camera. Certainly, the non-specific
mechanism of uptake of FDG (in which radio-
tracer can accumulate in any metabolically
active tissue) would seem to offer high sensitiv-
ity at the expense of specificity. In comparison,
WBCs are known to accumulate only at sites of
infection/inflammation, in addition to the retic-
uloendothelial system, and should offer both
high sensitivity and specificity - unfortunately,
to date, this does not appear to have translated
to better diagnostic performance. Overall, addi-
tional comparative studies are required in order
to conclusively determine. In centers with PET
availability, WBC imaging is often reserved for
equivocal cases on FDG-PET/CT or when false
positive FDG-PET/CT are suspected.

Conclusion

FDG-PET has already shown itself to be useful
in many different applications in cardiovascular
infection and inflammation imaging and contin-
ues to evolve. While its role is well-established
in various conditions such as sarcoidosis, LVV,
and prosthetic valve IE, and evidence suggests
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that FDG-PET may play a growing role in other
emerging applications such as NVE and LVAD
infections. With its exquisite sensitivity and
unique ability to monitor response to therapy,
FDG-PET may find applications earlier in
the investigational algorithms of patients with
suspected cardiovascular infection or inflam-
mation. Furthermore, the combination of FDG-
PET with contrast-enhanced CT (PET/CT+) will
likely further crystalize those applications, by
enhancing the diagnostic properties of FDG-
PET and providing a one-stop-shop imaging
modality for conditions such as IE and LVV.
Importantly, optimized patient preparation as
well as knowledge of the typical appearance of
pathologies is essential in order to provide an
accurate FDG-PET interpretation.
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