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Abstract

Fluorodeoxyglucose-positron emission tomography/computed tomography (FDG-PET/CT)
combines the high sensitivity of PET with the excellent spatial resolution provided by CT, making
FDG-PET/CT a potentially powerful tool for capturing and quantifying early vascular diseases.
Patients with chronic inflammatory states have an increased risk of cardiovascular events; there is
also increased vascular FDG uptake seen compared to healthy controls. This review examines the
use of FDG PET/CT in assessing low grade vascular inflammation in chronic inflammation and
then review FDG PET/CT as a tool in monitoring the efficacy of various treatments known to
modulate cardiovascular disease.
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Introduction

Cardiovascular disease, including atherosclerosis, is the leading cause of death worldwide
(1) and therefore significant efforts to capture early sub-clinical vascular disease have been
made in the past decade. In this context, fluorodeoxyglucose-positron emission tomography/
computed tomography (FDG-PET/CT) utilizes a radiolabeled glucose analogue taken up by
cells in the vessel wall in proportion to their metabolic activity. FDG PET/CT combines the
high sensitivity of PET for the detection of intra-plaque inflammation using spatial
resolution and morphologic information provided by CT (1). This review will cover how
FDG PET/CT has been utilized to detect subclinical vascular disease in various
inflammatory states.

Corresponding Author: Nehal N Mehta, MD MSCE, Chief, Section of Inflammation and Cardiometabolic Diseases, National Heart,
Lung and Blood Institute, 10 Center Drive, Clinical Research Center, Room 5-5140, Bethesda, MD 20892, USA, Telephone:
1-301-827-0483, Fax: 1-301-827-0915, nehal.mehta@nih.gov.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

All other authors have no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reddy et al.

Page 2

Low grade vascular inflammation in chronic inflammatory states.

Chronic inflammatory diseases are associated with high incidence of cardiovascular events
(2). Inflammation and lipid dysfunction associates with initiation and progression of
atherosclerosis. Systemic inflammatory biomarkers, such as high sensitivity C-reactive
protein, have been associated with atherosclerotic disease and future cardiovascular events
(3). Moreover, inflammatory cells, such as circulating monocytes, have been useful in
detecting plaque vulnerability (4) and distinct monocyte subpopulations are significantly
associated with subclinical atherosclerosis (5). Chronic inflammatory diseases, including
psoriasis, rheumatoid arthritis (RA), systemic lupus erythematosus (SLE) and persons living
with human immunodeficiency virus (HIV), have all been independently associated with
increased risk of cardiovascular disease (6, 7). Compared to age and gender matched
controls, these patients have heightened macrophage activity and inflammatory cytokines
including TNF-a IL-6, IL-1 and IL-17A, which have been linked to key pathways
contributing to atherogenesis. Because of this, individuals with chronic inflammatory states
are at higher risk for inflammatory driven cardiovascular disease compared to their healthy
counterparts (2, 6). In these patients there is an unmet need to detect subclinical vascular
disease priorto CV events.

Vascular Uptake of FDG by PET/CT

Early atherosclerotic lesions have increased presence myeloid-derived immune cells; lesion
progression is accelerated by secreted products and subsequent chemotaxis. First, a lesion in
the blood vessel is started with a fatty streak, an accumulation of lipids and macrophages
beneath the endothelium. Next asymmetric, focal thickening of the intima consists of “foam
cells”, pro-inflammatory macrophages, oxidized lipoproteins, and extracellular lipid droplets
surrounded by cap of smooth-muscle cells and a collagen-rich matrix. (7, 8). Atherosclerotic
plaques differ in risk of rupture based on several features. High-risk plaques have a thin
fibrous cap, a lipid necrotic core, microcalcifications, neovascularization and an abundance
of activated immune cells (8). Plaque rupture leads to intraluminal thrombus formation via
exposure of the thrombogenic core to circulating platelets and clotting factors. Thus, a
potent driver for plaque destabilization and subsequent cardiovascular events is
inflammation.

18F-FDG is a radiolabeled glucose analogue that is taken up by glucose transporters
(GLUT) and phosphorylated by hexokinase, the enzyme responsible for the first step in
glycolysis. Normally glucose’s 2-hydroxyl group is then utilized for further glycolysis,
however because 18F-FDG lacks this 2-hydroxy group, it cannot be further processed nor
can it leave the cell before radioactive decay. 18F-FDG accumulation at sites of acute and
chronic inflammation is primarily due to overexpression of GLUT transporters as well as
hexokinase in active inflammatory cells (9). Furthermore, when compared to resting
macrophages, activated macrophages have a dramatically increased level of hexokinase
activity (10). Vascular FDG uptake in sub-clinical atherosclerosis, a chronic low-grade
inflammatory disease has long been documented through PET imaging in major vessels
throughout the body, usually to aorta, carotids, and most recently the coronary arteries (11).
FDG-PET uptake was incidentally noted in the vascular wall of large arteries, during an
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oncologic-indicated exam, and found that FDG vascular uptake correlated with
cardiovascular (CV) risk factors (12). Validation of FDG-PET as a marker of the
inflammation in an atherosclerotic plaque originated from in vitro histology studies
including immunostaining for macrophages in endarterectomy samples from carotid plaques
(13, 14). There is upregulation of CD68, a recognized marker of macrophages, in lesions
with increased FDG uptake. Subsequent clinical studies of FDG-PET/CT showed that CT
derived vascular calcification and PET metabolic activity in fact were detecting potentially
different stages of plaque development (15). Additionally, high-risk plaque morphology by
CT corresponded to the inflammation burden detected by FDG-PET (16).

Inflammatory vascular conditions also show extensive FDG-PET uptake in blood vessel
walls. Most notably is central and peripheral vasculitis, which generally affects the medium
to large vessels preferentially. Additionally, FDG-PET uptake occurs in vascular graft-
related infection, intravascular thrombosis, vascular tumors, fistulas and aneurysms (17).
Symptomatic aortic aneurysms have increased FDG uptake and this potentially may
associate with rupture risk (18). FDG PET/CT also has a role in detecting and quantifying
aortitis of infectious and noninfectious etiologies. Most notably it has a very high sensitivity
and specificity in the diagnosis of large vessel vasculitis (LVV), such as Takayasu arteritis
and giant cell arteritis, which typically affect the large arteries of the body such as the aorta
and its major branches. FDG uptake in LVV is characteristically lineal diffuse uptake,
differentiated from low-grade patchy uptake seen in atherosclerotic vessels, and is in
increased in patients with L\VV compared to controls (19). Furthermore while rare, FDG
PET/CT can be useful in the evaluation of indolent primary aortic malignancies, most
commonly sarcomas, and embolic spread, distant metastasis or extension into adjacent
arteries (18).

FDG PET/CT and Association between Vascular Disease

The Cardiovascular Committee of the European Association of Nuclear Medicine recently
recommended standardized protocols for imaging and interpretation of atherosclerosis
imaging via FDG PET/CT, however, the lack of conclusive evidence limits these
recommendations (20). Despite this, multiple prospective studies have shown relationships
of increased aortic vascular inflammation in atherosclerosis by FDG PET/CT with higher
incidence of cardiovascular disease (CVD) including myocardial infarction, heart failure and
claudication. FDG PET has been used to image vascular uptake in the aorta, carotid arteries,
and coronary arteries (21).

Inflammatory disease states have been associated with higher incidence of vascular disease
compared to age and gender matched controls (22). In chronic low-grade inflammatory
states such as psoriasis, RA, HIV, and SLE, vascular FDG uptake is higher compared to
controls (Figure 1) (21, 23-26). In a case-control study, increased vascular FDG uptake
consistent with early vascular disease was observed in psoriasis patients compared to
controls (27). Also, psoriasis severity markers of neutrophil activation associated with
vascular inflammation assessed as target-to-background ratio (TBR) in the aorta (maximal
SUV in the artery/mean SUV in the vein) beyond traditional CV risk factors (28).
Additionally, in ninety-one RA patients without CVD, increased FDG uptake was associated
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with RA disease activity (25). Finally, individuals with SLE and HIV had increased vascular
inflammation compared to healthy controls who underwent FDG PET/CT (23, 26). These
studies demonstrate the ability of FDG PET/CT to be used as a tool in detecting aortic
vascular inflammation in inflammatory disease patients without clinical CVD.

FDG PET is also used to assess carotid disease in individuals. Rudd et. all first reported that
in eight patients with symptomatic plaques there was increased FDG accumulation in
macrophage dense regions of carotid artery plaques compared to asymptomatic plaques,
with no uptake in normal arteries (13). Later, increased ipsilateral FDG-PET uptake as
measured by max standardized uptake value (SUV) ratios in atherosclerotic carotid lesions
was associated to be in a close time interval to events such as stroke or transient ischemic
attack when compared to those with solely chronic obstructive stenosis (29), suggesting that
FDG PET/CT may be used to tailor stroke prevention strategies (30).

Recently, FDG uptake in the aorta has been associated with coronary plaque characteristics
by coronary computed tomography angiography (CCTA), providing further evidence for
FDG/PET in capturing sub-clinical atherosclerosis (31). High vascular FDG uptake was
associated with high risk plaque detected by CCTA in subclinical atherosclerosis in psoriasis
and HIV (Figure 2) (31, 32). Finally, increased FDG-PET uptake has been shown to be
associated with culprit coronary lesions in the relatively immobile left main coronary artery
in patients presenting with acute coronary syndromes (11); however spatial resolution of
PET precludes future use for coronary imaging at this time.

FDG PET/CT and response to treatment

Vascular FDG uptake detects changes in aortic vascular inflammation in response to
classical coronary artery disease (CAD) interventions. Primary prevention of CAD is
centered on risk factor control and improvements in lifestyle which have shown to modify
vascular inflammation is detected by FDG PET/CT. In a study assessing 60 adults who
underwent both atherogenic risk-factor assessment and FDG PET/CT at baseline and again
after 17 months follow-up with intense lifestyle modification, changes in CV risk factors
including diastolic blood pressure, total cholesterol, and low-density lipoprotein as well as
increase in high-density lipoprotein associated with a decrease in vascular inflammation
(33).

Currently, statins are commonly used for maintaining and preventing CVD. HMG Co-A
reductase or “statins” have been shown to decrease vascular uptake of FDG and this
reduction is later mirrored by a concordant reduction in CVD events. A prior study
demonstrated that intense statin therapy led to a reduction in atherosclerotic inflammation as
measured by FDG PET/CT. In 83 adults with known atherosclerotic disease not on high-
intensity statin therapy serially imaged with FDG PET/CT at baseline, 4, and 12 weeks
follow-up following randomization to low or high dose stain. Vascular inflammation as
assessed by FDG PET-CT TBR was significantly reduced in the high-dose statin group
(atorvastatin 80 mg) compared to the low-dose statin group (atorvastatin 10 mg) (change in
TBR from baseline to 4 weeks 80 mg: 7.6 (2.6 to 12.3) versus 10 mg: 2.0 (-3.1 to 6.8) and
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change in TBR from baseline to 12 weeks 80 mg: 6.7 (1.8 to 11.3) vs 10 mg: -0.1 (-5.6 to
5.1) (34).

Novel emerging medications and their influence arterial inflammation may also be assessed
by FDG PET/CT to support or refute clinical trials of emerging drugs. p38 map kinase
inhibitors notably were not associated with decreased vascular FDG uptake. Later, a follow
up events study failed to demonstrate that p38 map kinase inhibition had any impact on
CVD events. Therefore, small-scale FDG PET/CT imaging trials may be useful in
identifying strategies that may have promise to reduce cardiovascular events in larger
endpoint trials.

The impact of primary disease therapy on vascular inflammation has been assessed by FDG
PET. Notably, anti-tumor necrosis factor (TNF-a), as well as anti-Interleukin (1L)12/23, anti
IL 17, and anti-IL-1b therapies are all indicated in the treatment of inflammatory skin, and
joint disease. Small observational preliminary findings implied that initiating a biologic
treatment, such as anti-TNF, precedes a decrease in vascular inflammation by arterial FDG
uptake (24, 35), however, randomized control trials showed no effect of anti-TNF therapy at
follow-up. The Vascular Inflammation in Psoriasis (\VIP) trial aimed to understand the
impact of anti-cytokine treatments on vascular disease. Through a series of randomized
placebo-controlled trials, anti-TNF therapy was found to have no impact on vascular
inflammation by FDG-PET compared to a placebo. On the other hand, anti-1L12/23 therapy
resulted in an initial transient reduction in aortic inflammation (36). Moreover, antiretroviral
therapies that were studied using FDG PET have shown no effect on vascular inflammation
(37).

Limitations

FDG PET/CT is useful in detecting inflammation, but it also has certain clinical and
analytical limitations. Patient factors such as pre-scan glucose levels and high BMI can
influence FDG uptake values. As pre-scan glucose levels increase, there is a reduction in
FDG uptake due to the competition between glucose and FDG; therefore pre-scan glucose
levels > 200 mg/dL should be avoided to improve tracer uptake. Those with increased BMI
additionally have worse image quality compared to those with normal BMI due to scatter.
These limitations can be by somewhat overcome by increasing the injected dose of
radiotracer or increasing the acquisition time, however these strategies have led to little
improvement (38). Additionally, imaging protocols such as patient preparation and timing of
imaging are all potential patient factors that can impact the measured FDG uptake. Protocols
often differ in scan acquisition times, and can vary from one to three hours; however
fortunately numerous studies have shown that a circulation time greater than two hours gives
a higher TBR (39). Furthermore, background variability is also a limitation. Specifically,
background blood activity is often normalized when quantifying TBR, however because of
fundamental differences in blood pool activity TBR may be influenced. Moreover, the
choice of background tissue also affects TBR uptake values. Lastly, the spatial resolution of
PET imaging can be difficult when attempting to capture uptake in small structures and
change in size has shown to associate with apparent uptake due to the partial volume effect,
however coupling PET to CT has substantially overcome this. In attempts to offer a higher
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quality of information, PET scanners have undergone notable improvements. One such
advancement is the time of flight (TOF) PET scanner. The current generation TOF PET
scanners offer a higher resolution and have the ability to operate in three-dimensional mode
(40). Furthermore, the TOF PET scanner can be used with patients who have higher BMI’s,
allowing PET CT to accommaodate for many more patients (8). While there are many factors
that can introduce variation in FDG uptake in the vessel wall however many can be
controlled for, despite this careful analysis of results is required.

Future Directions

FDG PET/CT overall shows promise in detecting subclinical vascular inflammation and
changes in vascular inflammation may indicate disease progression or improvement with
interventions. Notably, FDG PET/CT has been utilized in detecting culprit coronary lesions,
however its technical limitations including high myocardial FDG uptake, cardiac motion,
and the small size of plaque make its application difficult. However promising methods to
overcome high myocardial FDG uptake can be accomplished by have patients trial a high-
fat, low-carbohydrate diet before imaging (41) and thus its role in coronary inflammation
has yet to be elucidated.
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Figure 1.
Aortic Vascular FDG uptake in various chronically inflamed human models. Representative

18F_fluorodeoxyglucose positron emission tomographic/computed imaging of the aorta in a
healthy control (A), patient with human immunodeficiency virus (B), psoriasis (C), and
systemic lupus erythematosus (D).
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Figure 2.
Aortic Vascular Uptake of FDG by PET/CT and Coronary Artery Disease Characterization

by CCTA. Frontal coronal section of whole body FDG PET/CT scan with increased uptake
of FDG throughout the body, specifically in the aortic wall, in a patient with psoriasis (A).
Transverse sectional slice from FDG PET/CT that shows increased vascular FDG uptake in
the aortic wall (green) in a patient with psoriasis (B). Panel of reconstructed images from
CCTA. Left anterior descending coronary artery (left) depicts noncalcified burden of the
coronary artery and transverse section of left anterior descending coronary artery (right).
The planar reconstruction (middle) demonstrates low-attenuation lipid-rich high-risk plaque
(green and red).
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