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volving Role of Positron Emission Tomography
n the Management of Patients With Inflammatory
nd Other Benign Disorders
hassan El-Haddad,* Hongming Zhuang,* Naresh Gupta,† and Abass Alavi*

Fluoro-2-deoxyglucose (FDG) positron emission tomography (PET) has evolved from a
research imaging modality assessing brain function in physiologic and pathologic states to
a pure clinical necessity. It has been successfully used for diagnosing, staging, and
monitoring a variety of malignancies. FDG-PET imaging also is evolving into a powerful
imaging modality that can be effectively used for the diagnosis and monitoring of a certain
nononcological diseases. PET has been shown to be very useful in the diagnosis of
osteomyelitis, painful prostheses, sarcoidosis, fever of unknown etiology, and acquired
immunodeficiency syndrome. Based on recent observations, several other disorders, such
as environment-induced lung diseases, atherosclerosis, vasculitis, back pain, transplanta-
tion, and blood clot, can be successfully assessed with this technique. With the develop-
ment and the introduction of several new PET radiotracers, it is expected that PET will
secure a major role in the management of patients with inflammatory and other benign
disorders.
Semin Nucl Med 34:313-329 © 2004 Elsevier Inc. All rights reserved.
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ositron emission tomography (PET) has proven to be a power-
ful imaging modality in the management of patients with a

ariety of malignancies. However, because of its extraordinary
ower as a molecular imaging technique, in recent years, the do-
ain of applications regarding this technique has expanded enor-
ously in assessing other disorders, in particular inflammatory pro-

esses. The role of PET also as an imaging technique in drug
iscovery and development is rapidly evolving, and its contribu-
ions to both disciplines (assessing benign disorders and developing
ew drugs) will rival those that already have been achieved in ma-

ignant diseases.

asis of Using PET in Infection
nd Inflammation

ompared with current radiological imaging modalities such as
omputed tomography (CT), magnetic resonance imaging (MRI),
nd ultrasound, PET as a molecular imaging technique is capable of
etecting the disease in early stages and long before visible struc-
ural changes are noted with conventional methods. PET is a very
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afe, noninvasive methodology that can image the entire body in a
easonably short period of time. It is not affected by metallic im-
lants and can be performed in very sick patients, including those
ith immunocompromised states. To date, most studies reported in

he literature for the diagnosis of infection and inflammation have
een performed using 18-Fluoro-2-deoxyglucose (FDG), which is
he most frequently used PET radiotracer in the world because of its
vailability, favorable half-life, and high concentration in either be-
ign or malignant lesions.
Malignant cells are known to have enhanced glycolysis,1 partly

ecause of increased levels of glucose transporter proteins, and to a
reat extent, because of the levels of the enhanced hexokinase ac-
ivity in the cells.2,3 Similarly, benign processes such as infection,
nflammation, and granulomatous diseases appear to have increased
lycolysis4 and are readily visualized by FDG-PET imaging. By now,
t is well established that inflammatory cells have enhanced glycol-
sis when they are stimulated,5 and this has been mainly attributed
o the high number of glucose transporters in these cells and partly
o the enhanced affinity of these transporters for this substrate.6-8

ultiple in vitro studies have been performed to assess the feasibil-
ty of labeling FDG to the leukocytes, which have demonstrated
avorable results.9,10 An animal and test tube study reported by
shimori et al11 demonstrated that activated lymphocytes in the
oncanavalin A-mediated acute inflammatory tissues revealed in-
reased FDG uptake in both the in vitro and in vivo models. Heelan
t al12 noted that FDG uptake was 1.5 to 2 times higher in allogeneic
han in syngeneic grafts when using a mouse skin transplantation

odel, which correlated with the levels of T-cell infiltrate seen on
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314 G. El-Haddad et al.
he histologic examination. Using microautoradiography, Kubota et
l13 showed that FDG uptake was higher in tumor-associated mac-
ophages and young granulation tissues than in tumor cells. In an
xperimental rat model of bacterial infection with Escherichia coli,
utoradiographs showed that FDG rapidly accumulates at the sites
f bacterial infection and in reactive lymph nodes with a high target-
o-background ratio compared with the other tracers, such as radio-
abeled thymidine and L-methionine, gallium-67 citrate (67Ga-ci-
rate), and iodine-125 human serum albumin (125I-HSA).14

The role of FDG-PET imaging has been extensively examined in
everal aseptic inflammatory processes, as well as in a wide variety of
nfections, and there is growing consensus about its importance in
valuating such disorders.15-18 FDG-PET can successfully detect nu-
erous common infections and inflammatory conditions as enu-
erated in Table 1.
In addition to FDG, many radiopharmaceuticals are used for

cintigraphic detection of infectious diseases and inflammatory pro-
esses, including 67Ga-citrate; 111-Indium, and 99mTc-HMPAO
hexamethylpropylene-amine-oxime) labeled leukocytes; 99mTc-
abeled-antigranulocyte monoclonal antibodies; 111-Indium, and
9mTc-labeled human immunoglobulin. Several other radiophar-
aceuticals are under investigation for imaging infectious diseases

nd inflammation and include radiolabeled antibodies,64,65 radio-
abeled receptor-binding proteins/peptides,66,67 radiolabeled lipo-
omes,68,69 and radiolabeled antibiotics.70

FDG-PET has several advantages over other nuclear medicine
echniques for the diagnosis of infectious diseases, which include
ecuring results within a short period of time (1.5-2 h), generating
mages with high spatial resolution and target to background con-
rast (contrast resolution), providing accurate results in axial bony
tructures, and delivering a relatively low radiation dose.71 These

able 1 Variety of Infections and Inflammatory Diseases Dete

Several Reported Infection
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dvantages combined have allowed high interobserver agreement b
bout the presence or the lack of disease activity and outstanding
ensitivity for detecting chronic low-grade infections.

Dual time point FDG-PET imaging has been proposed as a
ethod to differentiate between malignant and inflammatory pro-

esses in the settings where such distinction is essential for optimal
anagement of the patient. It has been shown that the standard
ptake values (SUVs) of the inflammatory or benign lesions remain
table or decrease over time, whereas those of the malignant tissues
ncrease on later images.72 Using dual time point scanning with a
hreshold value of 10% increase between scan 1 and scan 2, Mat-
hies et al73 noted that FDG-PET reached a sensitivity of 100% and
specificity of 89% in differentiating benign pulmonary nodules

rom malignant lung tumors. By correcting the SUV for the body
urface area and by increasing the time interval between injection of
DG and imaging, Conrad and Sinha74 showed improvement in the
bility of FDG-PET in discriminating between benign and malignant
onditions of the central thoracic lesions.

pecific Clinical Applications
cute and Chronic Osteomyelitis

ET has a limited role in the diagnosis of uncomplicated cases of
cute osteomyelitis, which is readily diagnosed by combining his-
ory and physical examination, biochemical markers such as white
lood cell count, erythrocyte sedimentation rate, C-reactive protein,
lain roentgenograms, bone scan, and MRI.75 Currently, the pres-
nce of chronic osteomyelitis also is suspected based on clinical,
aboratory, and imaging studies. However, the biochemical markers
ack sensitivity and specificity,76,77 and the gold standard is to obtain

biopsy for pathological confirmation of the suspected infected

y PET

Inflammatory Processes

Abdominal and pelvic abscesses
Liver abscess
Brain abscess
Lung abscess
Renal abscess
Hepatic and renal cyst infection
Salpingoophoritis and tubo-ovarian abscess
Pneumonia

,36 Osteomyelitis
Infected arthroplasty
Tuberculosis
Echinococcosis
Aspergillosis
Atypical mycobacterial infection
Mastitis
Enterocolitis
Infectious mononucleosis
Sinusitis

hi
Sarcoidosis
Asthma
Myositis
Thyroiditis
Mediastinitis
Gastritis
cted b

s and

et al16

magis
one.78 None of the current conventional imaging techniques is
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PET for inflammatory and other benign disorders 315
atisfactory in confirming or excluding the presence of osteomyeli-
is. CT and MRI can provide excellent anatomic details; however,
hey both have limited value in optimal assessment of postsurgical
hanges from infection and have a limited role for this purpose in
he presence of metallic implants.79-81 The use of three-phase bone
can in combination with labeled leukocyte scan has revealed a good
ccuracy in the diagnosis of chronic osteomyelitis in the extremi-
ies.82 However, this method has a low accuracy in the axial skeleton
nd at other sites with high concentration of the red marrow, in
ow-grade chronic infections, in the presence of soft tissue infection,
nd after trauma or surgery.81,83-86 The combination of leukocyte
maging with bone marrow scanning or with gallium scan has im-
roved the sensitivity and specificity of this technique. However,
erforming multiple scans, in addition to the substantial costs and
he unavoidable high radiation doses, is time consuming and is
axing for the patient and the technical staff. Therefore, the search
or imaging methods that could overcome these difficulties has con-
inued.

Several studies have made an attempt to determine the role of
DG-PET in diagnosing patients with chronic osteomyelitis (Fig. 1).
uhlmann et al16,36 reported a higher accuracy for FDG-PET than
ntigranulocyte antibody scintigraphy in imaging the central skele-
on for infection in patients with suspected chronic osteomyelitis. In
prospective study that included patients with recent surgery, De
inter et al87 reported a sensitivity of 100%, a specificity of 86%,

nd an accuracy of 93% in 60 patients with suspected chronic
usculoskeletal infections. Another prospective study by Meller et

l88 on 30 patients with suspected active chronic osteomyelitis con-
luded that FDG-PET is superior to 111-indium-labeled leukocyte
maging in the diagnosis of chronic osteomyelitis in the central
keleton. PET holds a great promise in the diagnosis of chronic
steomyelitis, and a negative PET study essentially rules out osteo-
yelitis.33 The case of chronic osteomyelitis detected by FDG-PET

ut not MRI nor antigranulocyte antibody scintigraphy has been
eported.89 It is known that increased FDG uptake at the fracture
ites only lasts relatively a short period of time.90,91 Therefore, past
istory of fracture or surgical trauma is unlikely to cause false-
ositive result in the evaluation for chronic osteomyelitis. In con-
rast to other nuclear medicine modalities, such as gallium scintig-
aphy and labeled leukocyte imaging, FDG has high resolution and
an distinguish soft tissue infection from osteomyelitis (Fig. 2).92

e expect that FDG-PET imaging will be used routinely in the near
uture to determine the presence or the absence of an infectious

Figure 1 Osteomyelitis in a diabetic patient which involv
metatarsals. FDG-PET clearly demonstrated the extent o
ocus, to monitor response to antimicrobial treatment, and to de- i
elop certain criteria for deciding when the treatment can be safely
topped.

ET in the Evaluation of Prostheses
ssessment of suspected superimposed infection in prosthetic im-
lants has been the subject of multiple research studies during the
ast several years. Loss of fixation (aseptic loosening) is a major

ong-term complication of total hip arthroplasty and is the most
ommon indication for revision of prosthesis. In patients with sus-
ected or confirmed loosening of the prosthesis, the possibility of
uperimposed infection, which is a very serious complication,
hould be considered in most clinical settings. Pain is a common
anifestation of both complications, and the distinction between

he two is very difficult in most clinical circumstances and it may be
mpossible at times.

The combination of leukocyte scan and sulfur colloid bone mar-
ow scan has a reasonable accuracy in detecting infected prosthe-
is.93 However, this test is complex and expensive, requires in vitro

t of the tarsal bones and the base of the fourth and fifth
isease.

igure 2 Cellulitis of the right lower leg in a 70-year-old male with
iabetic skin ulcer is clearly visualized and delineated on FDG-PET
es mos
mage and, therefore, osteomyelitis in the adjacent bone is ruled out.
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316 G. El-Haddad et al.
abeling of the cell with potential for contamination with pathogens
r mixing blood samples among patients, and requires at least 24 h
or completing the procedure. In addition, the low sensitivity and
pecificity reported by Scher et al94 (77% sensitivity, 86% specific-
ty, 54% and 95% positive and negative predictive values, and 84%
ccuracy) for the prediction of infection further diminishes enthu-
iasm for this procedure. FDG-PET has a great potential for detect-
ng infection in hip prostheses, and to lesser extent in knee prosthe-
es. The use of PET is advantageous over anatomic imaging
odalities because it is not affected by the metal implants35,95 and it

lso provides better resolution images than those of the conven-
ional nuclear medicine techniques. In a study involving 36 knee
rostheses and 38 hip prostheses, our group37 reported that the
espective sensitivity, specificity, and accuracy of FDG-PET for de-
ecting infection was 90%, 89.3%, and 89.5% for hip prostheses and
0.9%, 72.0%, and 77.8% for the knee prostheses. It is unclear why
DG-PET is more accurate in the diagnosis of periprosthetic infec-
ion in the hips in comparison to that in the knees. The criteria for
iagnosing periprosthetic infection with FDG-PET is essential for
ptimal utilization of this method because interpreting any sites of
ncreased periprosthetic uptake as positive for infection will result
n low specificity.96 Increased FDG uptake around the neck and/or
ead of the prosthesis is very common and should not be inter-
reted as a finding suggestive of infection (Fig. 3).97 Increased FDG
ptake that is present along the lower portion of the interface be-
ween hip prostheses and bone commonly is associated with infec-
ion (Fig. 4).98 Manthey et al99 proposed that intense glucose uptake
n the bone prostheses interface should be reported as being positive
or infection, and visualizing an intermediate degree of uptake at
hese sites suggesting loosening, and uptake only in the synovia was
onsidered as synovitis. The current criteria for assessing knee pros-
heses for infection result in high false positive diagnoses of infec-
ion.100 Nonspecific increased FDG uptake around the head or neck
ortion of the hip prosthesis after arthroplasty can persist for an
xtended period of time.97 This pattern is seen with similar appear-
nce in patients with loosening, and therefore it does not affect the

igure 3 Coronal images of the pelvis showing normal FDG uptake
round the head and neck of the right hip prosthesis which ap-
eared without complications based on clinical assessment.
ccuracy of the test in the diagnosis of infection. However, at present f
ime, the potentials of FDG PET in the evaluation of prostheses have
ot been fully defined. Some authors96 believe that FDG-PET has
xcellent sensitivity but poor specificity whereas other reports101

ndicate that the specificity of FDG-PET is good but the sensitivity is
ess than optimal in this clinical setting. These different conclusions

ight be the result of different interpretation criteria used by these
nvestigators. Apparently, more investigations are needed to define
he roles of FDG-PET in the evaluation of prostheses.

ever of Unknown Origin (FUO)
UO was initially defined as a fever of higher than 38.3°C that has
een documented on several occasions, duration of the fever for at

east 3 weeks, and the source being uncertain after 1 week of com-
rehensive investigation with conventional techniques as an inpa-
ient in the hospital setting. This definition was later revised by
liminating the requirement for in-hospital evaluation and redefin-
ng the latter criterion to include at least in or outpatient evaluation
or a minimum of 3 days or three outpatient visits. Three major
ategories that account for the majority of FUO are infections, ma-
ignancies, and collagen vascular or autoimmune diseases. Infection
s the most frequent cause of FUO, followed by neoplasm, and then
oninfectious inflammatory diseases. The diagnostic approach in
UO includes a thorough history and physical examination, labo-
atory tests, and conventional radiographic studies. Early identifi-
ation and localization of an infectious or inflammatory process can
e critical for the management of these patients. CT scanning of the
bdomen has nearly replaced exploratory laparotomy in this popu-
ation and is used in nearly all patients with FUO. This in turn has
ncreased the number of positive results when subsequent invasive
rocedures are performed.
It has been reported that gallium-67 and 111-indium-labeled

eukocytes have an overall higher yield than CT or ultrasound for
etecting the sites of the disease.102,103 Currently gallium-67 scan-
ing is the most commonly used radiotracer for the evaluation of
UO because it can visualize malignancies, as well as inflammatory
nd granulomatous disorders.104 Scintigraphic imaging has the ad-
antage of detecting early changes at the molecular level before any
tructural changes have occurred (therefore it has higher sensitivity

igure 4 Increased FDG uptake around the shaft of the right hip
rosthesis consistent with infection in a 48-year-old male with pain-

ul right hip. Revision surgery confirmed the presence of infection.
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han anatomical imaging techniques), and it also can differentiate
etween necrotic and viable tissues.
PET has the potential to replace other nuclear medicine imaging

echniques in the evaluation of patients with FUO. FDG-PET is
dvantageous over gallium-67 because it can image the whole body
n a short time, has high spatial resolution and provides high-quality
mages, and delivers relatively low radiation dose to the patient.
ugawara et al34 in a small series of patients showed that FDG-PET
an correctly identify the presence or absence of infection in 10 of
1 patients and missed the source in 1 diabetic patient with high
lood sugar level. Stumpe et al18 reported 98% sensitivity, 75%
pecificity, and 91% accuracy for FDG-PET in 39 patients with
uspected infections. In a prospective study that compared the role
f FDG-PET imaging with that of gallium scintigraphy in patients
ith FUO, Blockmans et al105 studied 58 consecutive cases of fever
f unknown origin. In 38 patients (64%) a final diagnosis was es-
ablished. The results were comparable between the two, but FDG
maging was considered superior because it provided quick results,
nd therefore the authors suggested that gallium scintigraphy could
e replaced by the FDG imaging in the future. Meller et al106 com-
ared FDG and gallium scanning in patients referred for FUO and
eported a sensitivity of 81% and a specificity of 86% for FDG-PET
n detecting the cause of the fever and a sensitivity and specificity of
7% and 78%, respectively, for gallium scanning.
Because of its high sensitivity in detecting malignant lesions, in-

ections, as well as various inflammatory processes, FDG-PET has
he potential to play a central role in the management of patients
ith FUO. In a prospective study on 18 patients with postoperative

ever, Meller et al107 reported a sensitivity of 86% and specificity of
00% for FDG-PET in detecting infections outside the surgical
ound. However, the specificity of FDG-PET in detecting infections
ithin the surgical wound was only 56%, whereas the sensitivity
as 100%. The low specificity was attributed to the accumulation of

he tracer in granulation tissue at the site of surgical intervention.
leeker-Rovers et al108 reported that in certain cases, such as recur-
ent fever, and in patients referred for a second opinion, the per-
entage of patients with FUO in whom no diagnosis could be made
ith FDG-PET was of 46%.
Common causes of fever of unknown origin, which can be de-

ected by PET, include a variety of malignancies and different in-
ammatory/infectious processes, such as inflammatory bowel dis-
ase,17 pelvic inflammatory disease,105 osteomyelitis,36 sarcoid-
sis,53 and aortitis.109

cquired Immunodeficiency Syndrome
AIDS)
charko et al110 employed PET imaging in a model of simian immu-
odeficiency virus-infected rhesus macaque to define disease stage
nd sites of immune system activation in response to virus infection.
his demonstrated that this modality can be used effectively to
valuate the distribution and the activity of infected tissues in a
iving animal without biopsy for an extended period of time. In a
rospective study by the same group on 15 HIV-1-infected patients,
hey noted an association between the pattern of lymphoid tissue
ctivation and the clinical stage of the disease.111 PET was useful in
emonstrating that in the acute stages there is activated lymphoid
issue in the head and neck region with some splenic involvement,

generalized pattern of peripheral lymph-node activation at the
id-stages, and involvement of abdominal lymph nodes during the

ate disease.110

PET has a major role to play in the management of human im-

unodeficiency virus (HIV)-infected patients, especially in those h
ith the central nervous system (CNS) lesions. HIV-infected pa-
ients, who present with a change in mental status or are found to
ave an abnormal neurologic examination, often are noted to have

esions, which can be detected by MRI or CT scan.112 Toxoplasmosis
s the most common opportunistic infection in AIDS patients, and
he CNS is the most common site for this infection.113 Malignant
ymphoma also is one of the most common malignancies encoun-
ered in HIV-infected patients.114 Tl-201 and Tc-99m sestamibi
ave been used to distinguish between these two complications in
IV-infected patients who present with intracranial mass lesions.
oth agents have a sensitivity of close to 100% but a relatively lower
pecificity (54 and 69%, respectively).115 Stereotactic brain biopsy
as long been considered as the gold standard for the diagnosis of
NS lesions in AIDS, but it carries significant risks, and although it

s the most specific technique, it is not very sensitive.116 The role of
ET in HIV-infected patients was first described by Hoffman et al117

ho studied 11 individuals with AIDS and CNS lesions and found
DG-PET imaging to be more accurate than CT or MRI in differen-
iating between a malignant (lymphoma, n � 5) and nonmalignant
tiologies (toxoplasmosis, n � 4; syphilis, n � 1; progressive mul-
ifocal leukoencephalopathy, n � 1) for the CNS lesions. Malignant
NS lesions had a higher FDG uptake than nonmalignant. Using
oth a qualitative visual score and a semiquantitative count ratio by
omparing the CNS lesion with contralateral brain, Heald et al118

ound that the CNS lesions diagnosed as lymphomas, had statisti-
ally higher visual scores (P � 0.001) and count ratios (P � 0.002)
han CNS lesions diagnosed as infections. O’Doherty et al46 showed
hat PET had an overall sensitivity and specificity of 92% and 94%
espectively in the detection of infections or malignancies in patients
ith AIDS. This high specificity of FDG-PET can lead to initiating an

arly and an appropriate treatment strategy in these severely immu-
osuppressed patients.

arcoidosis
arcoidosis is a multisystem noncaseating granulomatous disease of
nknown etiology. Correct assessment of disease activity is critical
or initiating an optimal management plan because most patients
ill have a self-limited course whereas a small percentage may die
ithout treatment soon after diagnosis. Several groups have re-
orted FDG uptake by sarcoid granulomas,15,53,119 which appear as
ypically active lymph nodes in the mediastinum and hilar regions
Fig. 5). By quantifying glucose metabolism in sarcoidosis, Brudin et
l15 has suggested that FDG uptake reflects likely disease activity
nd its extent at different stages of this unpredictable systemic dis-
rder. Because lymph nodes harboring inflammatory and malignant
ells appear with significant FDG uptake, this technique can not
istinguish between sarcoidosis from diseases such as Hodgkin’s or
on-Hodgkin’s lymphomas. However, FDG-PET is quite effective in
ssessing the extent and the degree of the disease after the initial
iagnosis has been made.120 Yamada et al55 reported that by per-

orming FDG and carbon-11 labeled methionine imaging, and by
sing the ratio of FDG to methionine in pretreatment evaluation,
hey were able to predict posttherapy course of the disease. Al-
hough in the group with an FDG/methionine ratio of greater than 2,
he response rate was 78%, in the methionine dominant group it
ropped to 38%.

therosclerosis
therosclerosis is the major cause of coronary heart disease, stroke,
nd peripheral vascular disorders.121 Cardiovascular atherosclerotic
isease involves mainly the aorta and arterial circulation of the

eart, brain, kidneys, and limbs. Myocardial infarction, cerebral



i
q
c
t
a
h
c
s
l
t
m
t
e
s
b
R
m
i
b
l
a
d

F
l
g
t
u
a
p
n
p
r
s
p
t
t
F

a
k
d
o
a
A
f
o
T
u
a
p
f
r
l

e to sa

F

318 G. El-Haddad et al.
nfarction, renal failure and aortic aneurysms are the major conse-
uences of this disease. Coronary heart disease is the number one
ause of death in the United States and many other countries around
he world. Initial lesions in atherosclerosis involve the intima of the
rteries with the development of fatty streaks that may start in child-
ood.122 Fatty streaks transform into atherosclerotic plaques by ac-
umulation of connective tissue with an increased number of
mooth muscle cells laden with lipids. More advanced lesions are
ater formed, which can become calcified.123 Multiple factors con-
ribute to the pathogenesis of atherosclerosis including dyslipide-
ia, endothelial dysfunction, inflammatory and immunologic fac-

ors, plaque rupture, and smoking. Inflammation is noted in the
arly histologic observations in the development of atherosclero-
is.124-126 Also in recent years there was much interest in the possi-
ility that infections may cause or contribute to atherosclerosis.
ecent publications have supported the role of Chlamydia pneu-
oniae,127-129 cytomegalovirus,130,131 and other infectious agents in

nitiating atherosclerosis.132 Because FDG-PET has been shown to
e able to detect a variety of inflammatory/infectious processes, it is

ogical to assume that this technique can also play a role in assessing
therosclerosis as an inflammatory process at the early stage disease,
uring its natural course and following therapeutic intervention.
It has been reported that there is a high correlation between the

DG uptake in the aorta and macrophage content of atherosclerotic
esions in an experimental rabbit model.133 Our group has investi-
ated the frequency of FDG uptake in the large arteries in relation to
he atherogenic risk factors. We also have investigated whether FDG
ptake of the large arteries is related to clinically known coronary
rtery disease. The presence of FDG uptake was assessed in 156
atients. The presence of FDG uptake was assessed in the abdomi-
al aorta (AA), iliac (IA), and proximal femoral arteries (FAs) in 156
atients. Medical history of the atherogenic risk factors (age, ciga-
ette smoking, hypertension, diabetes, high cholesterol, and obe-
ity) and coronary artery disease (CAD) was identified for each
atient. The frequency of vascular FDG uptake was compared be-
ween the patients without risk factors (group I, 23 patients) and
hose with at least 1 risk factor (group II, 133 patients). Vascular

Figure 5 Coronal images of a 74-year-old female with h
scanning to reveal a possible source of the finding. Bila
arrows), which were biopsied and were proven to be du
DG uptake (Fig. 6) was present in 50% of the patients examined, w
nd it correlated with old age. The correlation of each risk factor and
nown CAD with arterial FDG uptake was also assessed in the 3
ifferent arteries. There was a significant difference in the frequency
f FDG uptake between the 2 groups for the FA (22% versus 70%)
nd IA (30% versus 54%), but not for the AA (35% versus 53%).
mong all risk factors, age was the most significant and consistent

actor correlating with FDG uptake in all 3 arteries. Hypercholester-
lemia also correlated consistently with FDG uptake in all 3 arteries.
he correlation between the remaining risk factors and arterial FDG
ptake was rather artery specific than consistent throughout all 3
rteries. A higher frequency of FDG uptake in the FA was seen in
atients with CAD compared with those without CAD. Not all risk
actors correlated with FDG uptake in different arteries. Among the
isk factors, age and hypercholesterolemia most consistently corre-
ated with FDG uptake in the AA, and the IA and proximal FAs. The

lcemia of unknown cause who was referred for a PET
ilar and mediastinal sites were seen on FDG-PET (see
rcoid.

igure 6 Aortic FDG uptake (arrow) in the thoracic aorta in a patient
yperca
teral h
ith severe atherosclerosis.
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ositive correlation of arterial FDG uptake with the atherogenic risk
actors suggested a promising role for FDG-PET imaging in the
iagnosis of atherosclerosis and follow-up after treatment interven-
ion.134 In an animal study using New Zealand White rabbits, Led-
rman et al135 noted that by using a positron-sensitive fiberoptic
robe it was possible to distinguish atherosclerotic from healthy
rtery. In a retrospective study Tatsumi et al136 using PET-CT im-
ging compared the frequency of FDG uptake in the thoracic aortic
all and arterial calcification and reported that 50 of 85 patients had
least one area of metabolically active sites in the thoracic aortic
all. However, the FDG uptake did not correlate with the calcifica-

ion sites seen on CT scan.
By measuring FDG uptake, we may be able to assess the degree of
etabolic activity, possibly related to inflammation in the athero-

clerotic arteries. FDG-PET imaging could help in the early detec-
ion of atherosclerosis, thereby affecting the management of high-
isk patients, and monitoring response to treatment. Also, this
echnique could be utilized for determining the efficacy of therapeu-
ic interventions that are currently adopted and the novel therapy
hat will be introduced in the future.

asculitis
asculitis is defined as the inflammation of the blood vessels with
ccumulation of leukocytes in the vessel wall and reactive damage to
ural structures. The vasculitides are typically classified according

o the size and type of vessels that most commonly are affected by
he disorder.137 PET has been reported to be useful in the diagnosis
nd treatment of patients with vasculitis as early as in 1987.138

lockmans et al139 evaluated the use of FDG-PET in a series of 5
atients with polymyalgia rheumatica, 6 patients with giant cell
rteritis, and 23 age-matched control subjects. An increase in FDG
ptake was noted in the thoracic vessels in 4 of 5 patients with
olymyalgia rheumatica, in 4 of 6 patients with giant cell arteritis
ompared with 1 of 23 control subjects (P � 0.001). Several reports
ave described increased FDG uptake in Takayasu arteritis, and
ave emphasized its value in detecting the extent of the disease in
he body.140,141 In a series of 15 patients with early aortitis (giant cell
rteritis, n � 14; Takayasu arteritis, n � 1), Meller et al142 compared
DG-PET and MRI for the initial diagnosis and following immuno-
uppressive therapy. The results of FDG-PET and MRI for the initial
iagnosis were comparable, but FDG-PET detected more inflamma-
ory vascular regions, and was more reliable in assessing disease
ctivity following therapy than the latter modality. Webb et al143

ound that FDG-PET had a sensitivity of 92%, a specificity of 100%,
nd negative and positive predictive values of 85% and 100% re-
pectively in the initial assessment of active vasculitis in Takayasu
rteritis. Their conclusion was that FDG-PET could be used to eval-
ate the activity of the disease and to monitor the effectiveness of
reatment. Balan et al144 describe a patient in whom FDG-PET im-
ging was positive for widespread vasculitis, whereas In-111 white
lood cell imaging was entirely normal. FDG-PET can detect Taka-
asu’s arteritis in the early stages of this disorder.140,143 The symp-
oms and signs at the early stage of Takayasu’s arteritis is nonspe-
ific, which may include fever, malaise, weight loss, arthralgia, and
levated erythrocyte sedimentation rate. The diagnosis of this dis-
ase is usually made by aortic arteriography at a relatively later stage.
he early diagnosis of Takayasu arteritis with PET can allow early

reatment, which may prevent progression to the later occlusive
hase of the disease. It has been reported that when levels of FDG
ptake in the vessels involved returned to normal following treat-

ent there was a favorable outcome during the follow up per- o
od.109,142 Based on the data presented, PET appears to have a great
otential in the diagnosis and treatment of patients with vasculitis.
However, FDG-PET might not be sensitive enough to detect vas-

ulitis of very small vessels. Horton’s disease is a headache syn-
rome characterized by inflammation of the temporal and other
ranial arteries. In a study performed by Brodmann et al145 to deter-
ine the role of FDG-PET imaging as a non invasive technique for

he diagnosis of Horton’s disease, 22 patients with the clinical diag-
osis of giant cell arteritis and a positive hypoechogenic halo in
uplex sonography were examined with FDG-PET. All the patients
ho had positive sonographic signs in the large arteries (thoracic

nd abdominal aorta, and subclavian, axillary, and iliac arteries) had
ncreased FDG uptake with complete agreement with the anatomi-
al imaging results. However, FDG was false-negative in the blood
essels smaller than 4 mm. The authors concluded that PET is not
uitable for the diagnosis of temporal arteritis and therefore cannot
eplace invasive biopsy for this purpose while FDG-PET is well
uited for demonstrating giant cell arteritis in arteries exceeding
mm in diameter.145

rgan Transplantation
here are several potential applications of FDG-PET in the field of
rgan transplantation. FDG-PET is widely used in the diagnosis of
ancer. It targets the metabolic activity of tumor cells, which is
ypically higher compared with normal cells. FDG-PET has been
ound to be highly accurate in the diagnosis of lung cancer, recur-
ent colon cancer, head and neck cancer, lymphoma, breast cancer,
nd melanoma.146 It has the advantage of providing a whole body
canning within a reasonably short period of time. Malignancy ei-
her in organ donors or the recipients remains an absolute contra-
ndication to transplantation. The cost of transplantation is very
igh, and the number of patients awaiting transplantation is increas-

ng more rapidly than the number of transplant surgeries that can be
erformed annually.147 Therefore, although FDG-PET is not a prac-
ical test for screening the general population for malignancy at this
ime due to its relatively high cost,148 it has the potential to detect a
ide variety of cancers unnoticed by other routine screening tests

or potential organ recipients and donors, and can play a role in the
retransplantation planning. FDG-PET also has the potential to pre-
ict rejection. In an animal skin graft transplantation experiment,
eelan et al12 demonstrated that rejected skin graft had significantly
igher FDG accumulation than the nonrejected skin graft. It was
eported that increased FDG accumulation of the transplanted heart
ight be an indicator of the rejection.149 However, a later report

ndicated that glucose may be a preferred substrate in the normal
unctioning transplanted heart regardless the presence or the lack of
ejection.150 A recent report suggest that FDG-PET can help distin-
uish infection from rejection after lung transplantation and there-
ore this noninvasive and repeatable test could reduce the number of
ransbronchial biopsies required during episodes of respiratory fail-
re after lung transplantation.151 Posttransplantation lymphoprolif-
rative disorder (PTLD) is a histologically heterogeneous disease
hat occurs in 4% to 8% of lung transplant recipients. Marom et al152

ave demonstrated that in patients with PTLD, there are foci of
ncreased FDG accumulation, particularly in extrathoracic sites, that
re not seen by conventional imaging techniques. Therefore, PET
ndings will allow more accurate staging of disease and thereby
ielding useful prognostic information and guiding therapy in pa-
ients with PTLD.152 Obviously, more investigation is necessary to
efine the potential role of this powerful methodology in the field of

rgan transplantation.
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lastic Surgery
ecause FDG-PET reflects the metabolism in tissues, it can be used
o assess the viability of surgical flaps in the immediate post surgical
eriod. Smith et al153 assessed FDG uptake in 30 patients after
ree-flap skeletal muscle transfer for closure of open wounds. They
ound that viable muscle flaps have significantly higher FDG accu-

ulation than those that are nonviable and concluded that FDG-
ET scanning can determine skeletal muscle viability in patients
ollowing free muscle flap transfer.153 Similarly, Aigner et al154 per-
ormed a study in 38 patients who had oro-maxillo-facial flaps. The
atients had an FDG-PET scan at 3 to 7 days after surgery. The
atients who had no photopenic defects had a favorable outcome
23/38). The patients who had small defects in their flaps had a
elayed but uncomplicated healing process (n � 13/28). Three
atients who had a large photopenic defect demonstrated by PET
ere noted to have early necrosis.

uscle Uptake
ostakoglu et al155 first reported FDG uptake by the laryngeal mus-
les secondary to activation of the patient’s vocal folds and related
aryngeal muscles during speech. In their study, they found that
atients who spoke continually during the uptake period had high-
rade FDG uptake, those who spoke intermittently had low-grade
ptake and those who remained silent had no detectable increase in
DG uptake in the region of the larynx.
FDG uptake in the skeletal muscle is often seen in the trapezius,

ternocleidomastoid, paraspinal and diaphragmatic muscles. Mus-
ular uptake can usually be distinguished from malignant disease
ecause it is often symmetric and matches the anatomy of muscular
roups. With the advent of PET/CT, FDG activity in the neck and
houlders was found to be also present in the adipose tissue and was
ttributed to brown fat uptake.156,157 The use of benzodiazepines
efore FDG injection might be useful in selected patients,158 but it is
ot necessary on a routine basis. It is important that the patient stays

n a relaxed resting state before and after the injection of FDG in
ost studies to avoid undesirable muscle FDG uptake.
In patients with chronic obstructive pulmonary disease, excessive

ontraction of accessory muscles is required to facilitate expiration
herefore the uptake in the intercostal muscles increases59 and
hould not be misinterpreted as ribs metastases or bone marrow
ptake. Hyperventilation may induce uptake in the diaphragm as
ell. We recently investigated changes in metabolic activity of the

oft tissues surrounding the lumbar spine in patients with a history
f low back pain (LBP). We were specifically interested in investi-
ating muscle spasm as the cause of LBP in this population. The
atients were given a detailed questionnaire regarding LBP and
ther related medical history before the administration of FDG. The
atients presented for a PET scan predominantly for the evaluation
f known or suspected malignancies. A total of 43 patients returned
ompleted questionnaires. A total of 8 patients demonstrated non-
pecific mildly increased FDG activity in the region of the soft tis-
ues and spinous processes of the lower thoracic and lumbar spine
3 patients with both acute and chronic LBP; 4 patients with chronic
BP but no acute symptoms at the time of the PET scan; 1 patient
ith no history of either acute or chronic LBP). Only in 1 patient
ith acute and chronic pain extending from the lower lumbar spine

o the left hip, increased right psoas muscle uptake was observed in
his population. The predominant finding in our study was mildly
ncreased FDG activity in the soft tissues superficial to the lumbar
pine. No intense FDG activity was present in the lower back mus-
ulature of patients with either acute or chronic LBP. Therefore,

uscle spasm as the cause of LBP may be overestimated as a com- m
on occurrence in this population. Thus, routine administration of
uscle relaxants may not be scientifically justified. FDG-PET may
lay a role in differentiating the patients who have muscle spasms
nd LBP (and possibly musculoskeletal system elsewhere in the
ody) and could benefit from muscle relaxants from those without
nd therefore avoid administrating these drugs unnecessarily for the
atter group.

Several groups have used FDG-PET in the evaluation of muscle
etabolic activity in different situations. Tashiro et al159 performed
DG-PET on 7 healthy male runners after running and compared
he PET images from 7 resting controls. They found that the highest
etabolic activation was in the posterior compartment of the leg,
hereas thigh muscles showed relatively little changes during run-
ing. They concluded that whole-body FDG-PET is a useful tool for
he investigation of muscular activity during exercise. In a different
nvestigation involving 17 subjects, Oi et al160 demonstrated that the

uscular activity of the soleus was highest among all the muscles
xamined after subjects walking. Pappas et al161 conducted PET and
DG uptake measurements in the skeletal muscles in 17 subjects
ho just performed either elbow flexion, elbow extension, or ankle
lantar flexion. They found that differences in relative FDG uptake
ould be demonstrated as exercise tasks and loads were varied,
ermitting differentiation of active muscles. They concluded that
DG-PET is capable of characterizing task-specific muscle activity
nd measuring intramuscular variations of glucose metabolism
ithin exercising skeletal muscle.161 The rotator cuff is a group of 4
uscles. Rotator cuff tears account for almost 50% of major shoul-
er injuries but are sometimes difficult to diagnose.162 Prevalence of
otator cuff tear increases with age from less than 5% for subjects in
heir twenties to more than 80% for those in their seventies. Shi-
ozaki et al has used PET/MRI fusion to analyze the affected rotator
uff muscle activity.163 It is conceivable that in the near future, PET
ill play a bigger role in the evaluation of muscle activity and muscle

njuries in exercise and age related disorders (Fig. 7).

nflammatory Bowel Disease (IBD)
ET has been reported to be useful in detecting disease activity in
atients with IBD.164-166 However, normal FDG uptake in the bowel
aries in distribution and intensity due to several factors167,168 and
an affect the sensitivity and specificity of this technique in this
isorder. Despite these disadvantages, FDG-PET can play a major
ole in the evaluation of IBD in the pediatric population, since we
ave noted that FDG uptake in the abdomen is affected by age, and
he pediatric population has low FDG activity in the bowel. There-
ore, in this specific age group, bowel activity is unlikely to interfere
ith the interpretation of the disease activity. In a new method
hich utilized FDG-labeled WBC to image inflammation, a good

orrelation was noted between the degree of inflammation and the
evel of FDG uptake in patients with IBD and therefore this ap-
roach could be used for quantitative assessment of bowel disease
oninvasively.169

neumoconioses
ccupational pneumoconioses are incurable lung diseases caused
y the inhalation of noxious substances encountered in the work-
lace, which are responsible for more than 3000 deaths in the
nited States each year. Pneumoconioses include coal worker’s
neumoconiosis, silicosis, asbestosis, and berylliosis. Silicosis and
sbestosis are the two major types of pneumoconiosis. These dis-
ases may be progressive even after dust exposure has ceased.170

ust reduction measures in the coal mines, as well as the improve-

ent in exposure-prevention measures, have reduced the coal dust-
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nduced disease. Silicosis is caused by the inhalation of free silica
articles that activate the macrophages to secrete cytokines mediat-

ng an inflammatory reaction and inducing fibroblasts proliferation
nd collagen deposition.171 Silica causes the activation and release of
ediators by the macrophages such as interleukin-1, tumor necro-

is factor (TNF), fibronectin, lipid mediators, oxygen-derived free
adicals, and fibrogenic cytokines. Intratracheal instillation of bleo-
ycin or silica in mice causes a significant increase in the lung

ydroxyproline.172 Asbestos, like other inorganic dusts, activates
ung macrophages and causes the release of chemotactic factors and
brogenic mediators. In contrast to other pneumoconioses, ciga-
ette smoking in asbestos workers increases the incidence of lung
arcinoma, and the lifetime risk to asbestos workers of developing
alignant pleural mesothelioma is about 8%. There were several

eports of increased FDG lung uptake in patients with pneumoco-
iosis.173,174 There is variable degree of FDG uptake in the lungs of
atients with coal worker’s pneumoconiosis, silicosis, and active
brosis. FDG uptake in these patients is nonspecific and could be
elated to the activation of inflammatory cells as well as fibroblasts.

FDG-PET imaging have demonstrated increased uptake in pneu-
oconiosis.173,175 Progressive massive fibrosis often demonstrates

ignificantly increased FDG accumulation. This increased uptake is
ikely related to not only fibroblasts but also inflammatory cells. A
pecific radiotracer that may selectively localize in the fibroblasts
nd not in the inflammatory cells would be an appropriate approach
or the diagnosis of pneumoconiosis such as silicosis with active
brosis. Currently these conditions usually are diagnosed in late
tages, when therapeutic intervention may not be effective. PET
maging with 18F-fluoroproline offers the possibility of providing
arly and specific diagnosis of this often-debilitating disorder. In a
reliminary study in animal model of induced silicosis, Wallace et

igure 7 Coronal images of a 64-year-old female with rotator cuff
ear of the right shoulder. Increased FDG uptake (arrow) around the
lenohumeral joint due to inflammation.
l176 demonstrated that there was significantly higher fluoroproline c
ptake in the lungs of silica-challenged rabbit as compared with a
ontrol group. Wilcoxon rank-sum tests found significantly higher
ptake by the silica-challenged animals at 1, 2, 4, and 5 months,
ith respective P values of 0.0001, 0.001, 0.02, and 0.03. There was
statistically significant relationship between PET imaging scores

nd fibrosis scores for silica-challenged animals. The correlation
oefficients in the right and left lungs were 0.51 (P � 0.03) and 0.66
P � 0.003), respectively, and higher fibrosis scores were observed
s fluoroproline/PET scores increased.176 There is extensive litera-
ure on animal models of silicosis in which autoradiographic anal-
sis revealed tritiated or 14C-labeled proline uptake at the alveolar
nterstitial sites of fibroblast collagen synthesis; this suggests that a

ajor fraction of the proline analog is taken up as a result of collagen
ynthesis. A definitive answer may require either a biochemical
ssay of the fractional amount of fluoroproline sequestered in the
ungs as procollagen or an autoradiographic study of the microana-
omic location of the accumulated fluoroproline. Such research
tudies will determine whether the compound is in the pulmonary
nterstitial fibroblasts or in the alveolar inflammatory cells as a con-
equence of inflammatory reaction.

leural Diseases
pleural sac formed by a parietal pleura (lining the outer surface of

he chest wall) and a visceral pleura (lining the inner surface of the
ung) separates each lung. The pleural cavity is a closed potential
pace that has a negative pressure and normally contains a thin layer
f approximately 5 to 15 mL of clear serous fluid. Pathologic in-
olvement of the pleura is caused by a variety of inflammatory,
oninflammatory and malignant diseases. Primary disorders of the
leura include primary intrapleural bacterial infection, and primary
eoplasm of the pleura (mesothelioma). Pleural effusion is usually a
econdary complication of an underlying disease. Pleural effusion is
common manifestation of both primary and secondary pleural

nvolvement and is divided into inflammatory and noninflamma-
ory.

Diagnostic thoracentesis and biochemical and cytological tests
re very helpful in establishing the cause of effusion but have a low
ield in malignant effusion. Imaging the pleural fluid relies on the
acts that the pleural fluid gravitates to the dependent areas in the
horacic cavity and that the lung lobes maintain their shape during
ollapse. A chest x-ray is the first modality used in the evaluation of
leural disease but has a low sensitivity and specificity. Ultrasound
xamination is a fast, easy, low-cost method to detect, locate, and
haracterize pleural effusion. It can differentiate between effusion
nd pleural thickening and between effusion and subphrenic fluid
ollection. It can also provide guidance for thoracentesis.

Conventional chest radiograph is the first imaging modality used
o evaluate a pleural disease, but it has a low sensitivity and speci-
city, especially in upright chest radiographs, with a better sensitiv-

ty in decubitus radiographs.177 Ultrasonography permits easy iden-
ification of free or loculated pleural effusions. It is an easy, lost
ost-method that can differentiate loculated effusions from solid
asses, and guide thoracentesis. CT scan is considered the best
odality to evaluate pleural disease and visualize the pleural space.
xcellent anatomic delineation leads to the distinct visualization of

he location, extent, and margins of the pleural abnormality and
valuation of underlying lung parenchyma. However, many infec-
ious disorders, such as tuberculosis or empyema, can cause fibrotic
hanges, which cannot be differentiated from pleural malignancies
n anatomic imaging. The sensitivity and specificity of CT to predict
he malignant nature of diffuse pleural lesions are low. CT scan

annot differentiate between benign and malignant pleural disease.



M
v
b
i

n
N
s
t
I
m
p
h
p
g
p
w
t
o
o
h
i
t
p
c

a
c
t
t
A
t
i
s
b
m
u
r
a
t
p
s
s

A
E
p
p
p
s
p
t
t
fi
fi
l
e
o
o
n
a
v

m
v

p
U
c
v
o
m
o
c
D
w
r
v
b
n
w
d
p
t
s
i

d
p
p
d
m
s
i
s
s
a
f
a
1
w
n
F
a
d
m
i
b
t
F
Z
l
c
p
t
n
t
t
n
o
s
a
H
v

322 G. El-Haddad et al.
RI, because of cardiac and respiratory motion artifacts, has limited
alue in evaluating pleural disease but can differentiate between
enign fibrous mesothelioma (low signal intensity on T2-weighted

mages) and malignant mesothelioma (high signal intensity).178

Although pleural fluid cytology has a better diagnostic yield than
eedle biopsy, the combination yields a sensitivity of less than 40%.
eedle biopsy is associated with the risk of pneumothorax, tumor

eeding, and bleeding. Thoracoscopy is the procedure of choice for
he diagnosis and management of neoplastic diseases of the pleura.
t provides direct visualization of the pleural space and the abnor-
alities within this anatomic compartment. Tissue sampling and

leurodesis can be performed with the procedure. This modality is,
owever, limited mainly by its availability, cost, expertise, and post-
rocedure chest tube placement with video-assisted thoracic sur-
ery. Complications include tumor seeding along the chest wall,
ersistent air leaks, hemorrhage, subcutaneous emphysema, and
ound infections. Open biopsy provides the best visualization of

he pleural space and is the modality of choice for the investigation
f pleural disease undiagnosed by the previously mentioned meth-
ds. However, because of the complexity, invasiveness, and costs, it
as slowly been replaced by thoracoscopy. However, thoracoscopy

s expensive and also has some complications that include a persis-
ent air leak (more than 7 days) in 2% of cases, subcutaneous em-
hysema in 2% of cases, and postoperative fever in 16% of
ases.179,180

FDG-PET is a noninvasive imaging modality that is often used as
n effective modality in the management of patients with lung can-
er and variety of other cancers. Increased glucose uptake and me-
abolism by neoplastic cells is the basis of this functional imaging
echnique in the investigation of a variety of malignant disorders.
part from cancers, PET has also proven useful in the diagnosis and

reatment of infections and inflammation in different tissues. There
s convincing evidence for the usefulness of PET in the diagnosis and
taging of malignant mesotheliomas, but this modality has not yet
een evaluated for its use in other pleural diseases. Normally there is
inimal FDG uptake in the pleura, which cannot be separated from

ptake in the chest wall.181 Direct comparison with the CT scan
equires transaxial FDG-PET images, but the use of other planes
llows detailed analysis of various anatomic sites. Because the pa-
ient is in the supine position when the images are acquired, the
leural fluid gravitates to the posterior part of the lungs, and this
hould be taken into consideration in the interpretation of these
cans.

sbestos-Related Pleural Disease and PET
xposure to asbestos leads to a spectrum of lung parenchymal and
leural pathologies with distinct clinical features that require com-
lex management strategies. Asbestosis is characterized by chronic
arenchymal lung fibrosis and visceral pleural thickening and re-
ults in an increased risk for lung and pleural malignancies. Pleural
laques are smooth, raised, irregular lesions on the parietal pleura in
he lateral and mid lung zones. They are the most frequent manifes-
ations of asbestos exposure and are usually seen as an incidental
nding on a chest x-ray but are better characterized by CT. Pleural
brosis and viscero-parietal reaction are characterized by diffuse or

ocalized thickening of the pleura. Benign asbestos-related pleural
ffusion has a good prognosis and is not a precursor for the devel-
pment of mesothelioma but frequently requires thoracoscopic bi-
psy to rule out malignancy. Benign fibrous mesothelioma is a rare,
onmalignant, localized tumor of the pleura that is not related to
sbestos exposure and can be cured by excisional surgery. It is thus

ery important to differentiate benign lesions of the pleura from i
alignant mesothelioma, which is also a relatively rare but has a
ery poor prognosis.

Malignant mesothelioma is predominantly a disease of men, and
atients have a mean age of 60 years at the time of diagnosis. In the
nited States, more than 2000 individuals are diagnosed with this
ancer every year. The risk of developing mesothelioma in an indi-
idual with occupational asbestos exposure is approximately 10%
ver a lifetime. Patients usually present with a unilateral pleural
ass and pleural effusion first seen on chest x-ray. More than 50%

f the patients have pleural effusion at the time of diagnosis, but
ytology of pleural fluid is positive only in approximately 25%.
istant metastasis occurs very late. The median survival for patients
ith mesothelioma after diagnosis is from 12 to 18 months. The

adiologic appearances of benign and malignant pleural disease are
ery similar. Definitive diagnosis is currently made by thoracoscopic
iopsy, which carries the risk of seeding the operative tract. CT is
ot specific for the diagnosis or mediastinal staging, but CT, along
ith thoracoscopy, is currently used for staging and restaging. MRI
oes not provide additional information compared with CT scan in
atients with unresectable disease. Local extension into the medias-
inum and hematogenous dissemination are the markers for unre-
ectable disease, which is treated with combined aggressive modal-
ty therapy.

Several studies182-184 have shown that FDG-PET can accurately
etermine whether there is malignant transformation of reactive
leural disease and can identify the sites of involvement by the
rocess, and as such it is clearly superior to CT in staging of the
isease.181,185,186 These studies have compared FDG-PET with CT,
ediastinoscopy, thoracoscopy, and pathologic examination. Me-

othelioma is seen as a linear area of intense FDG uptake surround-
ng the lungs.187 Benard et al188 studying 28 consecutive patients
uspected of having malignant mesothelioma, reported very high
ensitivity and specificity of FDG-PET in that a sensitivity of 91%
nd specificity of 100% could be achieved for differentiating benign
rom malignant disease by using a cutoff SUV of 2.0. They reported
n excellent correlation of FDG-PET findings with thoracoscopy in
6 of 18 cases with malignant disease. Lymph node involvement
as noted on FDG-PET images in 12 patients, 9 of which appeared
ormal on CT scans. In a similar study, Schneider et al185 showed
DG uptake in all of 18 patients with primary mesotheliomas. Over-
ll, FDG-PET could identify the presence or absence of metastatic
isease in 89% of the patients. By accurately identifying the involve-
ent of mediastinal nodes or extrathoracic sites, FDG-PET could

mprove patient selection for combined-modality treatment. On the
asis of FDG-PET Schneider et al excluded 2 patients from surgical
herapy and noted 2 false-positive lesions in 18 patients. Comparing
DG-PET with CT in 8 patients with malignant mesothelioma,
ubeldia et al186 noted that FDG-PET upstaged 2 patients from

ocalized to widespread disease and downstaged 1 patient. They also
oncluded that FDG-PET was more accurate than CT in staging of
atients with mesothelioma. FDG-PET has thus been shown to bet-
er identify the extent of disease, stage the disease in the mediasti-
um, evaluate abnormal findings in the contralateral lung, and de-
ect occult extrathoracic metastasis. Schneider et al also found that
he mean SUV in 18 mesothelioma patients was 7.6. Benard et al
oted that mesotheliomas of the epithelial subtype had lower levels
f FDG uptake (SUV, 3.78 � 1.96; n � 9) than the mixed or
arcomatoid subtype. They also showed that patients with highly
ctive mesotheliomas on FDG-PET imaging have a poor prognosis.
igh FDG uptake in these tumors indicates shorter patient sur-
ival.189

These results call for the routine use of FDG-PET for differentiat-

ng benign from malignant pleural thickenings and for the diagnosis
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nd staging of pleural mesothelioma. FDG-PET can provide a semi-
uantitative index of disease activity that may be used to monitor
he response to clinical or experimental therapeutic regimens. Tho-
acoscopy, for definitive diagnosis, can be guided by FDG-PET to
dentify the best sites for the purpose of achieving high yields from
uch invasive procedures.

he Role of PET in Characterizing the
ature of Pleural Effusion

leural effusion is frequently noted in a variety of benign and ma-
ignant disorders that affect this structure and adjacent anatomic
ites. Accurate characterization of the process is of the utmost im-
ortance in the management of these patients. Two hundred thou-
and individuals are diagnosed with malignant pleural effusions
very year in the United States. Most effusions secondary to metas-
asis are from lung, breast, gastric, and ovarian cancers and lympho-
as. Approximately 50% of patients with metastasis to the pleural
etastasis to the pleura will develop effusion. The prognosis in

atients with malignant pleural effusions is very poor, and current
reatment options include chemotherapy and pleurodesis. Pleural
ffusions are common in patients with lung cancer. Many of these
re benign and may represent reactive fluid collections. As many as
ne third of patients with lung cancer will have pleural metastasis at
he time of presentation. A recent study has shown that patients with
ung cancer and benign pleural effusion have better survival than
hose with stage IV disease and biopsy-proven malignant effu-
ion.190 In the presence of malignant pleural effusion, the lung can-
er is considered unresectable. Similarly, it is very useful to deter-
ine a benign underlying etiology for an effusion to prevent delays

n the surgical treatment of resectable lung cancer. It is thus very
mportant to differentiate between benign and malignant pleural
ffusions. CT scan is used extensively for the evaluation of pleural
isease but has been shown to be incapable of differentiating benign

rom malignant pleural disease and fibrosis from residual tumor
fter therapy.191

Data from several recent reports indicate that benign pleural
laques or inflammatory conditions can be successfully differenti-
ted from malignant pleural involvement, on the basis of the degree
f the FDG uptake in the pleura.192 These studies have shown high
ensitivity and accuracy in differentiating benign from malignant
leural disease.193-195 In a study by Gupta et al,192 FDG-PET accu-
ately classified 32 (91.4%) of 35 patients. FDG-PET was found to
ave a sensitivity of 88.8%, a specificity of 94.1%, and a predictive
ccuracy of 91.4% for detecting malignant pleural effusion from
etastatic pleural involvement. The positive predictive value of

DG-PET was 94.1%, and the negative predictive value was 88.8%.
DG-PET did not show significant uptake in benign pleural effusion
ases except in 1 of 17 patients, in whom only mild FDG uptake was
een. In particular, patients with acute bacterial pneumonias with
nflammatory pleural effusion showed no or only mild pleural up-
ake, which further diminished on follow-up studies. Accuracy of
DG-PET in the study was greater than pleural fluid cytology. In a
ecent study, we evaluated 106 cancer patients in whom the degree
f FDG uptake was examined in the pleura. On the basis of the
istory, findings on the PET scan, the SUV of the pleural uptake,
linical follow-up, and biopsies, the patients were classified as hav-
ng benign/inflammatory (n � 25) or malignant (n � 81) pleural
isease. We noted that the average SUV of the malignant pleural

esions was 4.18. Review of the recent CT scan showed evidence of
leural disease in only 60% of patients with malignant pleural dis-
ase and in 64% of patients with benign pleural disease. Sensitivity

nd specificity for malignant pleural disease were, respectively, 90% t
nd 72%, with an SUV threshold of 2.0. In 9 patients, direct exten-
ion of the FDG activity into the pleura from the primary lung lesion
as noted on PET; in only 3 (33%) was such evidence seen on the
T scan.
The causes of detectable FDG uptake in nonmalignant pleural

isorders include asbestos reaction, pleural effusion secondary to
nflammatory process, pleurisy, recent surgery, and radiotherapy.
enign inflammatory processes (eg, tuberculosis and parapneumo-
ic effusion) can cause increased activity in the pleura with an SUV
f more than 2.5. Potential causes of false-positive FDG-PET studies
nclude sarcoidosis, tuberculosis, fungal infections, acute fractures,
keletal muscle trauma, and bacterial infections. Patients with pleu-
al disease undergoing PET scan should therefore be asked about a
istory of any surgical procedures such as lobectomies, thoracosco-
ies, and thoracentesis; infections such as pneumonia or tubercu-

osis; symptoms of chest pain; shortness of breath; history of con-
estive heart failure; and renal or hepatic failure, which all can cause
enign pleural effusion. Finally, when reviewing the PET images,
hey should be compared with recent CT scans or reports from other
nvestigations, such as biopsies, MRI, and recent chest x-ray.

We conclude that FDG-PET can be used for differentiating be-
ign and malignant pleural disease. FDG-PET can identify other
ccult foci of metastasis or even a primary tumor in patients with
alignant effusions and an unknown primary tumor. FDG-PET
ay provide a useful alternate diagnostic method to invasive tests

specially in those with equivocal findings on CT or negative results
rom pleural cytology after thoracocentesis. Evaluation with FDG-
ET could reduce the number of open pleural biopsies and thora-
otomies performed for benign pleural disease. Dual time point
maging may also have a role in the evaluation of pleural diseases by
DG-PET. We also believe that seeding of the pleura with malignant
ells and, thereby, changes in the FDG metabolism precede ana-
omic changes, and therefore pleural involvement by malignant dis-
ase and even direct extension can be diagnosed earlier with a PET
can than with anatomic imaging techniques.

hymus Hyperplasia
ormal physiological thymus activity is frequently observed in chil-
ren and in some young adults.196,197 Increased FDG activity in the
hymus is also noted in thymus hyperplasia following chemother-
py.198 FDG-PET uptake in the thymus has been reported secondary
o radioiodine therapy199 (we have noted several cases in this set-
ing), which is attributed to radiation-induced inflammation of the
land. In another report, thymus hyperplasia occurred 5 months
fter autologous peripheral blood stem-cell transplantation in a 31-
ear-old patient with anaplastic large cell lymphoma.200

Hardy et al201 noted, in a case study, thymic reconstitution by
DG-PET in a patient with HIV-1 infection who was treated with
ighly active antiretroviral therapy, which may provide a potential
ole in evaluating such treatment. FDG-PET thus can monitor res-
oration of thymic function necessary for long-term immunocom-
etence and protection against opportunistic infections. The resto-
ation of the immune response as detected by thymic reconstitution
sing FDG-PET may be employed for unnecessary prophylactic
herapies in immunosuppressed patients.

hyroiditis and Thyroid Nodule
everal reports of FDG uptake in the thyroid gland have attributed
he uptake of this agent to thyroiditis.61,202 In a reported case of
iedel’s thyroiditis and retroperitoneal fibrosis, there was an in-
rease in FDG uptake by the thyroid gland, which decreased after

reatment with steroids was initiated. In this report, the uptake by
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he thyroid gland was attributed to active inflammation involving
ymphocytes, plasma cells, and fibroblast proliferation.203 In an-
ther case report, diffusely increased FDG uptake by the thyroid
land was proven to be related to Hashimoto’s thyroiditis that mim-
cked thyroid cancer.204 Uematsu et al202 studied 11 patients with
odular thyroid gland which were imaged with FDG-PET and tha-

ium-201 before surgery. Four patients were found to have a differ-
ntiated papillary carcinomas, 5 were diagnosed with benign follic-
lar adenomas, 1 suffered from a multinodular goiter, and the last
ad chronic thyroiditis. FDG uptake increased over time in the
alignant tumors, whereas in the benign nodules the reverse was

bserved. Increased FDG uptake by the thyroid gland has also been
eported in a patient with Grave’s disease.205 This is due to increased
etabolism of the hyperactive thyroids cells. Focal uptake has a

igh likelihood of being associated with a malignant process and
hould be further evaluated.206

By now it is known that FDG uptake correlates well with the
erum TSH levels. In vitro cell culture experiments have demon-
trated that incrementally increase in the thyroid-stimulating hor-
one (TSH) levels in an in vitro setting, significantly, increased the

DG uptake in a time- and concentration-dependent manner: thy-
oid cells cultured at a TSH concentration of 50 muU/mL compared
ith those in a TSH-free medium took up double the amount of
DG.207 Also uptake with TSH preincubation was approximately
00% of that of TSH free medium at 72 h.207 Clinical studies suggest
hat FDG uptake in the recurrent and metastatic thyroid carcinoma
lso depends on the TSH levels.208-210 Conceivably, diffuse thyroid
DG uptake in the gland without history of other known thyroid
isorder might be caused by increased TSH levels and may therefore

ndicate hypothyroidism. As such the possibility of subclinical hy-
othyroidism should be raised in patients with diffuse thyroid up-
ake and without symptoms of hyperthyroidism.

oints
ncreased FDG uptake is frequently seen around various joints,
ostly around the glenohumeral, hip, acromio-clavicular, and talo-

ibial joints. The accumulation of FDG around these joints is likely
ue to inflammation of the synovial tissue surrounding the joints.211

almer et al212 conducted a study on 12 patients with wrist inflam-
ation who were receiving antiinflammatory therapy and the re-

ponse was assessed by using MRI and PET. The patients were
maged off medications for 2 weeks, then after 2 weeks of treatment
ith prednisone or nonsteroid antiinflammatory drugs, and after 12
eeks of treatment with methotrexate. There was close correlation
etween volume of enhancing pannus from fat-suppressed MR im-
ges and FDG uptake (P � 0.0001), as well as the changes over time
f volume of enhancing pannus and SUV (P � 0.0002). These data
upport the possible role that PET may play in assessing the degree
f joint inflammation and determining the efficacy of antiinflamma-
ory drugs. Roivainen et al213 compared (11)C-choline and FDG
ET imaging with MRI in 10 patients with inflammatory joint dis-
ase and clinical signs of inflammation. All the patients showed high
ccumulation of both (11)C-choline and (18)F-FDG at the site of
rthritic changes with a mean SUV of 1.5 � 0.9 g/mL (n � 10) and
.9 � 0.9 g/mL (n � 10), respectively for choline and FDG (P �
.017). However, the kinetic influx constant was 8 times higher for
11)C-choline. Both radiotracers correlated highly with the volume
f the inflamed synovium. One of the potential roles for PET is to
rovide quantitative information on the degree of inflammation in
he joints, which will affect the management of patients with rheu-
atologic diseases. PET may allow monitoring the response to an-
iinflammatory drugs. Since many of these drugs have serious
dverse effects and administration to patients with chronic inflam-
atory diseases who require multiple treatments over an extended
eriod of time, accurate assessment of response by PET may add a
ajor dimension to such therapy.
We retrospectively reviewed the FDG-PET images of the lower

xtremities of 40 patients who presented for the evaluation of a
ariety of medical conditions. The purpose of this retrospective
tudy was to determine normal patterns and changes with normal
ging that occur in the FDG uptake of the lower extremities using
UV. The increase in SUV in the knees and hip joints correlated
ositively with patient’s age. This may be a result of subclinical

nflammatory synovial proliferation or other chronic inflammatory
rocesses, which occur in aging joints such as degenerative joint
isease.

lot Detection
lthough the current noninvasive imaging tests used for the detec-

ion of clot formation are readily available and are associated with
inimal morbidity and cost, they may be less accurate than invasive

echniques especially in difficult anatomic sites. There exist few
eports in the literature about the detection by FDG-PET of clots in
bdominal aorta, aortic aneurysm, superior vena cava, and deep
enous thrombosis.214-217 We have retrospectively reviewed the
hole body FDG-PET images of 19 patients who had confirmed

hrombosis based on followed studies and outcome. The findings on
ET images were correlated with the clinical course, radiological
xaminations, and other pertinent information. Focal sites of in-
reased FDG activity correlated with the following diagnoses: septic
hrombophlebitis (9 patients), complicated vascular grafts (4 pa-
ients), spontaneous clot formation (3 patients), and catheter-re-
ated thrombosis (3 patients). The mean SUV in clots was 4.4 with a
tandard deviation of 2.0. The mechanism of FDG uptake in blood
lots is still not fully understood. The presence of inflammatory cells
n the sterile as well as infected clots may play a factor. These pre-
iminary data demonstrate that FDG-PET imaging can visualize
lots at different anatomic sites. However, in vitro and animal stud-
es are required to evaluate the sensitivity and specificity of FDG-
ET in clot detection and the underlying biological factors that are
esponsible for this observation.
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