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PET and PET/CT imaging:

What clinicians need to know

B ABSTRACT

Positron emission tomography (PET), once the sole province
of academic medical centers, is rapidly being adopted in
daily clinical practice in community hospitals and outpatient
centers. It can be especially useful in oncology, cardiology,
and neurology. We provide an overview of the
fundamentals of PET and PET with computed tomography
(PET/CT) and discuss their current clinical utility.

B KEY POINTS

Whereas CT gives detailed anatomic information, PET
gives functional information, and a new type of scan that
combines the two (PET/CT) is more useful than either type
alone in many oncologic, cardiologic, and neurologic
indications.

The tracers used in PET are taken up preferentially in
tissues in which metabolism is enhanced, such as tumors
compared with normal tissue, or in viable myocardium
compared with infarcted myocardium.

A major application of PET is in the workup of
indeterminate solitary pulmonary nodules. Other uses of
PET in oncology are to diagnose, stage, and restage
disease and to assess the effectiveness of chemotherapy
in various types of malignancies.

In cardiology, PET can be used to diagnose coronary artery
disease and to determine myocardial viability.

In neurology, PET is used to differentiate between tumor
recurrence and radiation necrosis in patients who have
undergone radiotherapy for brain tumors, to differentiate
Alzheimer disease from other dementias, and to locate
epileptic foci.

OSITRON EMISSION TOMOGRAPHY (PET)

is an exciting innovation in medical
imaging. While computed tomography (CT)
and magnetic resonance imaging (MRI) pro-
vide exquisite anatomic information, PET
imaging depicts physiologic processes. This
information helps one to make a diagnosis ear-
lier, to determine the stage of the disease more
accurately, and to monitor therapy. Recently,
PET and CT have been combined in a single
scanner; the combination (PET/CT) adds an
incremental clinical benefit by simultaneously
depicting both functional and morphologic
information.

Some of the current applications of PET
and PET/CT are in:
¢ Oncology—identifying and determining

the extent of malignant disease and mon-

itoring therapy of numerous cancers

e Cardiology—detecting coronary artery
disease and assessing whether dysfunc-
tional myocardial tissue is viable

e Neurology and psychiatry—differentiat-
ing between tumor recurrence and radia-
tion necrosis, differentiating Alzheimer
disease from other dementias, and locat-
ing epileptic foci.

In this review, we review the fundamen-
tals of PET and PET/CT and discuss the cur-
rent clinical utility of these imaging tech-
niques.

M PET: THE FUNDAMENTALS

PET is a noninvasive, three-dimensional,
nuclear medicine imaging technique.!

“Dr. Brunken has disclosed that he has received research support from the
Bracco Diagnostics corporation.
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The positron is the antiparticle of the
electron: it has the same mass as the electron,
but it carries a positive charge instead of a neg-
ative charge. The tracers used in PET contain
radionuclides that eject a positron from the
atomic nucleus when they decay. The emitted
positron interacts with adjacent atoms, pro-
ducing excitations and ionizations that reduce
its velocity. As it slows, the positron soon
encounters an electron in the surrounding
medium. The electron and positron annihilate
one another because they are antiparticles.
Two photons of 511 kiloelectron volts are
released in the annihilation and move in
opposite directions (FIGURE 1).

Elements such as fluorine, carbon, oxygen,
nitrogen, and iodine have positron-emitting
isotopes that can be used for clinical PET
imaging. Each PET tracer depicts a specific
physiologic process, and the one selected for
imaging reflects the information that is desired
clinically. For example, tissue utilization of glu-
cose can be visualized using the glucose ana-
logue [18F] fluorodeoxyglucose (FDG). FDG
uptake parallels glucose uptake, but unlike glu-
cose, FDG is retained within the tissue and is
not metabolized further.

As the tracer accumulates in the targeted
tissue, a PET or PET/CT scanner is used to
characterize and quantify the physiologic
process of interest. PET cameras use circular
rings of gamma-ray detectors connected by
sophisticated electronic circuitry to detect
paired scintillation events. Data from millions
of annihilation events are reconstructed and
incorporated into three-dimensional images of
the tracer distribution in space.

PET vs conventional SPECT imaging

In single-photon emission computed tomogra-
phy (SPECT), after a radionuclide is injected,
single gamma-ray photons that exit the body
are captured by a standard gamma-ray camera.
The camera sequentially acquires images from
multiple projections as it moves over 360- or
180-degree arcs about the body. This raw
information is then reconstructed into tomo-
graphic image sets.

PET has several advantages over conven-
tional SPECT imaging. Its spatial resolution is
about two times better, and it accurately cor-
rects for attenuation (absorption by interposed
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tissue) of photons emitted from the organ of
interest. The attenuation correction process is
faster using the PET/CT technique. Because
PET images are corrected for attenuation, they
more accurately reflect the true activity of the
tracer in tissue.

Using the patient’s weight (or, in some lab-
oratories, lean body mass), one can calculate
the proportion of the injected dose that local-
izes to the tissue of interest per kilogram of
body mass. This measurement, called the stan-
dardized uptake value, is a normalized measure
of the avidity of tracer uptake and has been
used to help characterize lesions as benign or
malignant and to gauge the efficacy of treat-
ment for malignant neoplasms. However, stan-
dardized uptake values should be obtained
under controlled conditions and used with
caution for these purposes, since a number of
technical factors and patient variables can
affect this value.

M CANCER CELLS
USE MORE GLUCOSE

The hallmark of malignancy is uncontrolled
proliferation of abnormal cells, which general-
ly metabolize glucose at a high rate.2 This
characteristic is the basis for the use of FDG-
PET for diagnosis, staging, and restaging of
neoplastic processes.

Solitary pulmonary nodules:

Benign or malignant?

A major application of PET is in the workup
of indeterminate solitary pulmonary nodules,
defined as noncalcified nodules, 3 cm or small-
er, in the lung parenchyma that are found on
chest radiography or CT (both of which play
vital roles in the diagnosis and management of
many pulmonary disorders).

Solitary pulmonary nodules are commonly
encountered in clinical practice—about 150,000
new ones are discovered each year in the United
States,? of which 30% to 50% are malignant.4
After a standard radiologic evaluation that
includes chest radiography and CT, as many as
two thirds of cases may be considered indetermi-
nate for malignancy. Up to 70% or 75% of inde-
terminate cases will prove to be malignant.

PET can help distinguish between benign
and malignant nodules, as nearly all malig-
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M Positron emission tomography (PET)

Detector
/ Detector
A PET tracer, such as the glucose analogue
| fluorodeoxyglucose (FDG) tagged with a
fluorine isotope (18F), accumulates in the
J | target tissue.
’ Gamma ray
(511 keV)

Positron emitted
from fluorine 18

' @..--------.}.'
B+ Electron in
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A positron (B+) emitted from an atomic nucleus
travels a short distance before it encounters an
electron (B-). The positron and electron
annihilate each other, liberating two gamma
rays (annihilation photons), which depart from
the site in opposite directions.

Fluorine 18

Gamma ray
(511 keV)

Normal Alzheimer disease Frontotemporal dementia

These FDG-PET images show normal brain (A), focally decreased glucose
metabolism in Alzheimer disease in the posterior parietal region (B), and
frontotemporal dementia, such as in Pick disease (C).
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FIGURE 1
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PET helps characterize single pulmonary nodules
Patient 1: Malignant nodule

PET/CT

FIGURE 2. Patient 1: (Left) 1.6-cm right lower lobe pulmonary nodule on CT (yellow arrow).
(Right) Superimposed FDG PET image shows hypermetabolism (biopsy-proven adenocarcinoma).
Patient 2: (Left) 1.3-cm right lower lobe pulmonary nodule (red arrow). (Right) PET/CT does not
show increased FDG uptake, which is stable on follow-up CT examinations.

nant tumors have increased glucose metabo-
lism, visible as a focal increase in tissue activ-
ity of FDG (ricure 2). Initial studies indicated
that a standardized uptake value of 2.5 might
distinguish benign from malignant processes5;
however, later studies have shown that there
can be some overlap in these values between
benign and malignant processes.6

The size of the tumor and its avidity for
the tracer affect the diagnostic accuracy of
FDG-PET. The reported sensitivity of FDG-
PET for identifying malignancy in solitary pul-
monary nodules ranges from 83% to 100%,
and its specificity ranges from 63% to 90%,
with a negative predictive value of about
95%.7-9 Because the spatial resolution of most
commercial PET scanners is about 5 to 6 mm,
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FDG-PET is less accurate for pulmonary nod-
ules smaller than 1 cm.?

FDG-PET studies can be falsely positive,
primarily due to inflammatory and granuloma-
tous changes, as might be seen in tuberculosis,
fungal infections, and sarcoidosis.10

Most solitary pulmonary nodules without
increased FDG uptake are highly unlikely to
be malignant (rGure 2). However, FDG-PET
scans are occasionally falsely negative in cases
of well-differentiated adenocarcinoma, bron-
choalveolar cell carcinoma,!1,12 and carcinoid.
Thus, most patients with a negative FDG-PET
study should still be followed up radiographi-
cally (usually by CT) to definitively confirm a
benign diagnosis. Typically, those with a low
probability of cancer based on the CT findings
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alone and those with an intermediate likeli-
hood of malignancy on CT and a negative
PET scan should undergo CT in 3 months for
follow-up.3 Although PET is very useful, biop-
sy may be considered for confirmation if the
PET results are incongruous with the other
clinical information.

Lung cancer: Has it spread

to lymph nodes, other organs?

The most important prognostic indicator in
patients with lung cancer, the leading cause of
cancer-related deaths worldwide, is the extent
of disease at diagnosis.!3> Therefore, once the
diagnosis of lung cancer is established, accu-
rate staging is necessary.

An important question in cases of non-
small-cell lung cancer, affecting the patient’s
therapy and prognosis, is whether the cancer
has spread to the lymph nodes, and which
ones.!4 Locally advanced disease in ipsilateral
hilar and mediastinal lymph nodes or in sub-
carinal nodes may be amenable to surgical
resection. In contrast, involvement of the
contralateral mediastinal or hilar nodes
imparts a worse prognosis and generally indi-
cates that surgery is not feasible.15,16

In using CT to assess the lymph nodes,
one relies mainly on lymph node size and
number to estimate the likelihood of malig-
nancy. CT is approximately 45% sensitive and
85% specific for metastatic disease in the hilar
and mediastinal lymph nodes.17 A major lim-
itation of CT is its inability to characterize the
nature of visualized lymph nodes.

PET imaging provides metabolic informa-
tion in addition to these anatomic findings
and offers a more accurate means of delineat-
ing the nodal spread. For mediastinal nodes,
sensitivities of 80% to 90% and specificities of
85% to 100% have been reported for FDG-
PET.17 In a meta-analysis,!8 the sensitivity and
specificity of positive hilar nodes by PET (83%
and 92%, respectively) were significantly
higher than with CT alone (59% and 78%).

Therefore, PET enables more accurate
assessment of regional lymph nodes in
patients with early-stage non-small-cell lung
cancer, significantly reducing unnecessary
mediastinoscopy and thoracotomy proce-
dures. Conversely, in approximately one third
of cases of lung cancer initially staged with
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Advantages of PET/CT
in staging lung cancer

FIGURE 3. Coronal slice of a PET/CT scan
demonstrating a large left lung mass
showing peripheral hypermetabolism with
central necrosis (olive arrow), positive
mediastinal disease, two liver lesions, and
previously unsuspected pelvic bone
metastases (red arrows). The presence of
distant metastases changes the treatment
options for the patient.

CT, the disease is found to be more extensive
on PET imaging (FIGURE 3).

Distant metastases typically preclude a
surgical cure. Evaluation for metastatic disease
with conventional imaging generally requires
several studies, including CT, MRI, and skele-
tal scintigraphy. FDG-PET is an alternative
means of evaluating for metastatic disease,
and it complements these conventional imag-
ing techniques. Weder et all® reported that
FDG-PET established a more advanced dis-

ease stage in 20% of their cases.
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Restaging of colorectal cancer

FIGURE 4. Sagittal (left) and coronal (right) PET/CT slices of patient with prior surgery and
increasing carcinoembryonic antigen show increased FDG uptake in multiple liver lesions
(red arrows), as well as recurrence of local disease in the presacral space (yellow arrow).

PET can find

the primary site
in up to half

of cases of
carcinoma of
unknown
primary

Benign adrenal nodules are a common CT
finding and frequently pose a diagnostic chal-
lenge when conventional imaging alone is
used. FDG-PET reliably differentiates between
benign adrenal nodules and adrenal metas-
tases, with a reported sensitivity of 100% and
specificity of 80%.20 Blake et al2! reported that
PET/CT increases the specificity to over 90%.

Carcinoma of unknown primary:
Where is the primary tumor?
About 0.5% to 5% of patients with newly
diagnosed cancer have an occult primary
tumor, the site of which remains undetected in
the patient’s lifetime.22 These patients have
varied outcomes depending upon the tumor’s
histopathologic features and on the efficacy of
therapy. However, the overall prognosis is
poor, with a mean survival of 3 to 6 months.23
Clinical studies indicate that PET can
identify the primary tumor site in 6% to 55%
of these patients, most of whom have adeno-

1080
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carcinoma and, less commonly, undifferentiat-
ed carcinomas and squamous cell carcino-
mas.23:24 In a prospective study,22 FDG-PET
was able to locate the primary tumor in 25%
of cases of carcinoma of unknown primary in
patients who already had had an exhaustive
work-up. Larger clinical studies are currently
under way to better define the role of PET and
PET/CT imaging in patients with carcinoma
of unknown primary.

PET does have limitations when used for
this purpose: it is less sensitive in detecting
small neoplasms owing to its limited spatial
resolution; some tumors are less avid for FDG,
owing to low metabolic activity; and occasion-

ally, the primary tumor spontaneously regresses
before PET is performed.25

Restaging cancer: Was treatment effective?

Is cancer recurring?

The goal of restaging is to detect residual or
recurrent disease after treatment. Follow-up
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Assessment of treatment response of lymphoma with PET

® e

e
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FIGURE 5. Images of pre- and post-therapy PET scans in a lymphoma patient treated with
chemotherapy. The pretherapy image (left) shows increased FDG uptake in the left
supraclavicular region (red arrow), mesentery, retroperitoneum (yellow arrow), and spleen
(olive arrow). The post-therapy image (right) shows no residual disease, with a bone
marrow activation commonly seen after chemotherapy and which can be seen with other
treatments such as granulocyte colony-stimulating factor.

PET imaging can be considered in two groups
of patients: those in whom other imaging or
laboratory studies raise the concern of relapse,
and those in whom the response to treatment
needs to be gauged.

Not all patients with recurrent neo-
plasms benefit from PET imaging, but
PET/CT has proven advantageous in several
situations.

In colorectal cancer, carcinoembryonic
antigen levels and CT have conventionally
been used to monitor for tumor recurrence.
However, CT often does not reliably distin-
guish postsurgical changes from tumor recur-
rence or identify metastatic sites. PET (FiGURe
4) has a significant clinical impact on the
management of these patients.26

A meta-analysis2? indicated that in
detecting hepatic metastases, FDG-PET has a
sensitivity of 95%, significantly higher than
that of CT (65%) or MRI (76%). Sensitivity,

CLEVELAND CLINIC JOURNAL OF MEDICINE

Downloaded from www.ccjm.org on August 21, 2025. For personal use only. All other uses require permission.

specificity, and identification of remote metas-
tases are expected to be even better using
PET/CT.28.29

In head and neck tumors, recurrences
often are challenging to detect by CT or MRI
alone, as surgery or radiation therapy can sig-
nificantly distort the normal anatomic land-
marks. Although PET by itself accurately
detects tumor recurrence, PET/CT more pre-
cisely delineates the enhanced FDG uptake,
making it easier to differentiate between
recurrent neoplasm and inflammatory or phys-
iologic uptake.28,30

Is chemotherapy working?

The efficacy of cancer chemotherapy has con-
ventionally been assessed by monitoring the
size of the tumor. In 2000, a multinational
committee proposed that a 30% decrease in
the largest diameter of the tumor be used as
evidence of chemotherapeutic success.3!

VOLUME 73 ¢ NUMBER 12
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PET evaluation of coronary artery disease

FIGURE 6. Short-axis cardiac PET images obtained at
several left ventricular levels in a patient with ischemic
cardiomyopathy using stress/rest rubidium-82 perfusion
and FDG metabolic imaging. A reversible perfusion defect
indicative of pharmacologic stress-induced ischemia is
noted in the anterior and anterolateral areas (blue arrow).
A fixed perfusion defect with enhanced tissue glucose
metabolism consistent with myocardial hibernation is
noted in the inferolateral region (red arrow), while
matching perfusion and metabolic defects consistent with
scar are identified in the inferior region (olive arrow).
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However, gauging the success of therapy in
this manner can take months.

Because PET provides functional informa-
tion, it can be used to assess therapeutic effi-
cacy as early as 24 hours after the initial dose
of chemotherapy.32 Ineffective, toxic, and
costly therapies can be stopped and replaced
promptly with alternative treatments.

In patients with solid tumors, a reduction
in the standardized uptake value of 25% to
60% from the baseline value is highly predic-
tive of a positive therapeutic response and a
favorable prognosis.33-36

In lymphoma patients, residual tissue
masses can be detected by anatomic imaging
in as many as 65% of cases after therapy is
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completed.37 The mass may reflect viable
tumor or posttreatment scarring and fibrosis,
and it is often not possible for CT to distin-
guish between the two.

On PET, a decrease in the standardized
uptake value of 60% or more 10 days after the
third cycle of treatment is highly predictive of a
favorable response and can be used clinically (FiG-
URE 5; see also www.ccim.org/PET ZCancer.htm tg
view a three-dimensional video).38 On the other
hand, FDG uptake in the mass after therapy is a
relatively specific sign of viable tumor and
denotes a poor prognosis.3® Enhanced FDG
uptake 4 to 6 weeks after chemotherapy is high-
ly predictive of tumor recurrence. If FDG uptake
is not observed, the progression-free survival rate
at 20 years is 85%.40

Post-radiotherapy PET assessment in the
appropriate patient population can be very
useful. However, FDG uptake may persist as
long as 3 to 4 months after radiotherapy is
completed.4!

M PET IN CORONARY DISEASE

Is there a perfusion defect with stress?
Myocardial perfusion imaging depicts the pat-
tern of blood flow to the cardiac muscle. The
PET tracers used most frequently for perfusion
imaging are rubidium-82, [13N]-ammonia,
and [150]-water.

During the procedure, myocardial perfu-
sion is imaged at rest and again during pharma-
cologic stress with intravenous dipyridamole or
adenosine. The hallmark of stress-induced
ischemia is a reversible perfusion defect, ie, a
defect present on the stress perfusion images
but absent on rest perfusion images (FIGURE 6; see
also www.ccim.org/PET/cardiac.htm té view a
cine loop). The location and extent of the per-
fusion defect is used to infer which of the three
major coronary vessels is diseased. The severity
of the stress-induced ischemia is gauged by the
relative tracer concentration within the stress
perfusion defect. The lower the relative tracer
concentration, the more profound the
ischemia.

Studies of SPECT myocardial perfusion
imaging indicate that the risk of cardiac
events in patients increases nonlinearly as the
anatomic extent and severity of stress-induced
ischemia increases.42
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The utility of PET perfusion imaging for
detecting coronary stenoses has been
addressed in eight clinical studies involving a
total of 791 patients.43 The average sensitivi-
ty was 93%, and average specificity 92%.

In differing patient populations matched
for multiple variables, PET had greater sensi-
tivity, specificity, and diagnostic accuracy
than SPECT imaging.44 In a meta-analysis of
clinical studies in which PET and SPECT per-
fusion imaging were performed in the same
patients, Go and colleagues4> reported that
PET had a significantly higher sensitivity
(93% vs 85%, P < .005), specificity (82% vs
67%, P < .05), and diagnostic accuracy (91%
vs 81%, P < .001).

Current practice guidelines46 indicate
that PET perfusion imaging during stress and
at rest is appropriate for detecting coronary
stenoses in patients with an intermediate like-
lihood of coronary disease, and for risk strati-
fication in patients with an intermediate or
high likelihood of disease in whom a pharma-
cologic SPECT study is equivocal for diagnos-
tic or risk-stratification purposes (class I rec-
ommendation).

PET perfusion imaging is also appropriate
as the initial diagnostic test in patients who
cannot exercise (class Ila recommendation)
or who can exercise but who have left bundle
branch block or an electronically paced
thythm (class Ila recommendation).

Is the heart muscle dead,

or merely hibernating?

FDG-PET is used to find out if myocardium is
viable in patients with coronary artery disease
with left ventricular dysfunction.

Although a regional wall motion abnor-
mality (on a variety of imaging techniques)
may indicate a myocardial scar, nearly half of
coronary patients with a reduced left ventric-
ular ejection fractions actually have a clinical-
ly important amount of viable tissue in the
dysfunctional regions.4? Neither the resting
electrocardiogram nor the severity of the asso-
ciated wall motion abnormality reliably dis-
tinguishes between completed infarction and
viable but dysfunctional tissue in these areas.
This distinction is crucial for optimal manage-
ment because those with viable tissue will
benefit functionally and prognostically if
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coronary revascularization can be performed.

In a meta-analysis of clinical studies
involving 3,088 patients with coronary artery
disease and left ventricular dysfunction (mean
left ventricular ejection fraction 32% + 8%),
Allman et al*8 reported that patients with
viable myocardium on noninvasive imaging
who underwent coronary revascularization
had an 80% lower rate of annual mortality
compared with those treated medically (3.2%
vs 16%, P < .0001). In the patients with
viable myocardium, coronary revasculariza-
tion provided the greatest survival benefit to
those with the most depressed ejection frac-
tion before surgery. In contrast, annual mor-
tality rates in patients with nonviable
myocardium were comparable regardless of
whether they were treated surgically or med-
ically (7.7% vs 6.2%, P = NS).

In coronary patients with a reduced left
ventricular ejection fraction, FDG-PET imag-
ing has been used for nearly 2 decades to iden-
tify those who might benefit from revascular-
ization. A resting perfusion defect can repre-
sent either scar or a reversible state of muscle
dysfunction known as myocardial hiberna-
tion. In hibernating myocardium, perfusion
and function are low, but glucose metabolism
is preserved, resulting in a “perfusion-metabo-
lism mismatch” (rGure 6). These areas improve
in function after revascularization. In con-
trast, hypoperfused areas with completed scar
are metabolically inactive, and therefore
demonstrate matching defects on PET perfu-
sion and FDG metabolic images and typically
do not improve functionally after revascular-
ization.

A persistent defect on SPECT thallium-
201 redistribution/re-injection perfusion
images does not preclude metabolic viability
on PET imaging, as about 20% of segments
with severe thallium-201 defects show pre-
served glucose metabolism on PET imaging.
PET imaging is more sensitive (88% vs 84%)
but slightly less specific (73% vs 81%) than
low-dose dobutamine echocardiography for
predicting recovery of regional function after
revascularization. Limited clinical data are
available comparing MRI with late enhance-
ment and FDG-PET, but a recent study by
Knuesel et al4? suggests that the two tests may
provide complementary information.
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Medicare-accepted indications for
positron emission tomography (PET)

INDICATION

PURPOSE

Alzheimer disease
Breast cancer

Cardiac perfusion

Colorectal cancer
Esophageal cancer
Head and neck cancer

Lung cancer
Lymphoma
Melanoma

Myocardial viability
Refractory seizures

Solitary pulmonary nodules
Thyroid cancer

1084
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Differential diagnosis

Staging, restaging, evaluating
treatment response

If single-photon emission CT
examination is equivocal

Diagnosis, staging, restaging
Diagnosis, staging, restaging
Diagnosis, staging, restaging
Diagnosis, staging, restaging
Diagnosis, staging, restaging
Diagnosis, staging, restaging
Evaluation

Presurgical evaluation
Characterization

Restaging (with negative
iodine-131 scan and positive
thyroglobulin)

Current practice guidelines indicate that
PET metabolic imaging is appropriate for
defining myocardial regions that will benefit
functionally from revascularization (class I
recommendation), for identifying patients
with coronary artery disease in whom revascu-
larization is anticipated to improve heart fail-
ure symptoms (class Ila recommendation),
and for identifying those likely to derive a sur-
vival benefit from revascularization (class I
recommendation).

M PET IN NEUROLOGY:
TUMORS, EPILEPSY, DEMENTIA

PET is useful in many neurologic disorders.
Glucose metabolism imaging with FDG eval-
uates the functional integrity of the brain and
complements the information obtained from
CT and MRI.

Brain tumors. In patients who have
undergone radiation therapy for a brain tumor,
it is often difficult to differentiate radiation

CLINIC JOURNAL OF MEDICINE VOLUME 73 e NUMBER 12

necrosis from tumor recurrence when one finds
an enhancing lesion on MRI. By assessing the
metabolic activity of the enhancing lesions,
PET helps differentiate radiation necrosis from
tumor recurrence. Recurrent tumors typically
exhibit increased uptake, while radiation
necrosis is metabolically inactive.

On the other hand, FDG-PET has a limit-
ed role in detecting brain metastases and cer-
tain primary brain tumors, owing to high
background uptake in normal gray matter and
to PET’s lesser resolution compared with MRI,
which is the preferred imaging study for these
indications.

Epilepsy. In conjunction with MRI and
electroencephalography, PET is helpful for
locating the focus of seizures before epilepsy
surgery by detecting regional decreased glu-
cose metabolism, which is often associated
with the site of seizure onset.

Dementia. By detecting characteristic
patterns of regional decreased glucose metabo-
lism (mGure 1), PET also appears to be the best
imaging tool for the differential diagnosis of
dementia. PET can detect regional abnormal
glucose metabolism in patients with mild cog-
nitive impairment before the overt clinical
manifestations of dementia appear and is con-
sidered the most sensitive and specific diag-
nostic tool for Alzheimer disease and fron-
totemporal dementia.50

Experimental uses. In preliminary studies,
PET appeared promising for other neurologic
applications. It may be a good tool for predict-
ing prognosis and monitoring neuronal protec-
tive intervention in stroke patients and may be
useful for monitoring the effectiveness of deep
brain stimulation in movement disorders.

Currently, FDG is the main tracer used
for clinical cerebral imaging, but a number of
promising new tracers under investiga-
tion>1,52 depict information about neuro-
transmitters and their receptors (dopamine,
serotonin, acetylcholine, gamma-aminobu-
tyric acid, adenosine, opioid), synapses, and
even genetics.

M DOES INSURANCE COVER PET IMAGING?

The Centers for Medicare and Medicaid
Services (CMS) issued an initial indication in
January 1998 providing reimbursement for
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PET imaging for the characterization of inde-
terminate solitary pulmonary nodules and for
the staging of lung cancer.53,54

Over the ensuing years, the list of reim-
bursable indications has expanded consider-
ably, so that many conditions are now covered
(taBLE 1). Specific billing codes for PET/CT
were published in November 2004 in the
Federal Register. Private payers tend to follow
CMS indications, but reimbursement policies
vary from company to company. There is also
significant regional variability in payments.
Patients or physicians would need to contact
their payers or Medicare for the specific cost
of their studies. Although FDG PET/CT
imaging is more expensive than “convention-
al” imaging alone (CT, MRI), preliminary
data suggest that in many processes, particu-
larly cancer, using PET in the workup may be
more cost-effective than using conventional
imaging alone by avoiding needless studies or
procedures.55

In oncology, CMS has initiated a National
Oncologic PET Registry project, which will
likely increase the number of covered indica-
tions in the future. At present, imaging for
many “noncovered” oncologic indications will
be reimbursed as part of the registry project if
the referring physician completes brief data-
collection forms. Further details are available at
Wwww.cancerpetregistry.org|

In cardiology, Medicare began reimburs-
ing for cardiac PET imaging with rubidium-82
in 1995 and more recently with [13N]-ammo-
nia. In selected patients, current Medicare
guidelines permit reimbursement for FDG-
PET imaging for the determination of
myocardial viability.

In neurology, Medicare currently pro-
vides coverage for PET for presurgical local-
ization of seizures.

Medicare has also approved coverage of
FDG-PET for the differential diagnosis of
dementia. However, it limits coverage of the
study to patients with certain qualifying char-
acteristics. The physician must provide docu-
mentation of the following before the patient
is considered for coverage:

e Date of onset of symptoms (at least a 6-
month history of cognitive decline)

® Mini-Mental Status Examination or simi-
lar test score

CLEVELAND CLINIC JOURNAL OF MEDICINE

PET tracers and examples

of their future uses

[18F] Fluorodeoxyglucose (FDG)
[18F] Fluoride

[11C] Methionine

[11C] Tyrosine

[11C] Acetate

[18F] Fluorothymidine

[18F] Arginine glycine aspartic acid
[18F] Annexin V

[18F] Fluoromisonidazole

[18F] Fluoroestradiol

[18F] Fluorodopa

[11C] Raclopride

[11C] Methylspiperone

lodine 124

Technetium 94m

Glucose metabolism
Bone imaging

Amino acid metabolism
Amino acid transport
Fatty acid synthesis
Cell proliferation
Angiogenesis
Apoptosis

Tissue hypoxia
Estrogen receptor status
CNS agent dopamine
CNS agent dopamine
CNS agent dopamine
Thyroid metabolism

Potential label for amyloid
plaque

Report from any neuropsychological test-

ing performed

Diagnosis of the clinical syndrome (eg,
possible, probable, or uncertain Alzheimer

disease)

Results of structural imaging (MRI or CT)
Relevant laboratory tests (vitamin B,

thyroid hormones)
Prescribed medications.

More detailed information can be found

at www.cms.hhs.gov|
B FUTURE OF PET/CT

The uses of PET and PET/CT imaging have
rapidly grown over the last decade: previously
available only at academic centers, they are
now offered at community hospitals and outpa-
tient facilities. Mobile services have brought
PET to areas that do not have a fixed site.
About 1 million PET procedures were per-
formed in 2004. Although FDG-PET imaging

now plays a major role in the clinical manage-
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ment of many oncologic and cardiologic and
some neurologic disorders, its full clinical poten-
tial has yet to be realized. Additional improve-
ments in the technical and instrumentational
aspects of PET in the future are expected.
However, the field that is evolving most
rapidly is radiopharmaceutical development.
New tracers (TaBLE 2), depicting amino acid
metabolism, receptor density, neurotransmit-
ter activity, blood flow, tissue hypoxia, angio-
genesis, and apoptosis, have been developed
and may eventually find even wider clinical
use than FDG. Use of these tracers could
prove particularly valuable in cancers that are
not typically FDG-avid, such as those of the
prostate and renal cells. Use of PET imaging
in drug discovery and development (for exam-
ple, anticancer drugs) is feasible and can be

PET imaging devices before clinical trials.

Evaluation of gene expression and cell
transplantation therapy also appear likely in
the future. Recent animal studies indicate that
PET imaging can be used to noninvasively
monitor gene expression over time and to
gauge the success of cell transplantation.

As the list of commercially available trac-
ers continues to expand, the physiologic infor-
mation provided to the clinician will increase.
This will improve our ability to diagnose dis-
ease and to noninvasively monitor the
response to treatment. As such, the use of PET
imaging to characterize disease at the molecu-
lar level will help translate the fundamental
knowledge of disease pathophysiology
obtained at the laboratory bench to the bed-
side care of the patient, improving the quality

tested in small animal models using smaller

REFERENCES

Surti S, Karp JS, Kinahan PE. PET instrumentation. Radiol Clin North
Am 2004; 42:1003-1016.

Warburg O. On the origin of cancer cells. Science 1956; 123:309-314.
Ost D, Fein AM, Feinsilver SH. The solitary pulmonary nodule. N Engl
J Med 2003; 348:2535-2542.

Erasmus JJ, Connolly JE, McAdams HP, Roggli VL. Solitary pulmonary
nodules: part I. Morphologic evaluation for differentiation of benign
and malignant lesions. Radiographics 2000; 20:43-58.

Patz EF Jr, Lowe VJ, Hoffman JM, et al. Focal pulmonary abnormali-
ties: evaluation with F-18 fluorodeoxyglucose PET scanning.
Radiology 1993; 188:487-490.

Hashimoto Y, Tsujikawa T, Kondo C, et al. Accuracy of PET for diag-
nosis of solid pulmonary lesions with 18F-FDG uptake below the stan-
dardized uptake value of 2.5. J Nucl Med 2006; 47:426-431.

Gould MK, Maclean CC, Kuschner WG, Rydzak CE, Owens DK.
Accuracy of positron emission tomography for diagnosis of pul-
monary nodules and mass lesions: a meta-analysis. JAMA 2001;
285:914-924.

Goldsmith SJ, Kostakoglu L. Role of nuclear medicine in the evalua-
tion of the solitary pulmonary nodule. Semin Ultrasound CT MR
2000; 21:129-138.

Lee J, Aronchick JM, Alavi A. Accuracy of F-18 fluorodeoxyglucose
positron emission tomography for the evaluation of malignancy in
patients presenting with new lung abnormalities: a retrospective
review. Chest 2001; 120:1791-1797.

Lewis PJ, Salama A. Uptake of fluorine-18-fluorodeoxyglucose in sar-
coidosis. J Nucl Med 1994; 35:1647-1649.

Higashi K, Ueda Y, Seki H, et al. Fluorine-18-FDG PET imaging is neg-
ative in bronchioloalveolar lung carcinoma. J Nucl Med 1998;
39:1016-1020.

Whyte RI. Advances in the staging of intrathoracic malignancies.
World J Surg 2001; 25:167-173.

Bunyaviroch T, Coleman RE. PET evaluation of lung cancer. J Nucl
Med 2006; 47:451-469.

Lardinois D. New horizons in staging for non-small-cell lung cancer. J
Clin Oncol 2006; 24:1785-1787.

Ahuja V, Coleman RE, Herndon J, Patz EF Jr. The prognostic signifi-
cance of fluorodeoxyglucose positron emission tomography imaging
for patients with nonsmall cell lung carcinoma. Cancer 1998;
83:918-924.

Mavi A, Lakhani P, Zhuang H, Gupta NC, Alavi A.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

VOLUME 73 e NUMBER 12

of care for many. %

Fluorodeoxyglucose-PET in characterizing solitary pulmonary nod-
ules, assessing pleural diseases, and the initial staging, restaging,
therapy planning, and monitoring response of lung cancer. Radiol
Clin North Am 2005; 43:1-21.

Patz EF Jr, Lowe VJ, Goodman PC, Herndon J. Thoracic nodal staging
with PET imaging with 18FDG in patients with bronchogenic carcino-
ma. Chest 1995; 108:1617-1621.

Birim O, Kappetein AP, Stijnen T, Bogers AJ. Meta-analysis of
positron emission tomographic and computed tomographic imaging
in detecting mediastinal lymph node metastases in nonsmall cell
lung cancer. Ann Thorac Surg 2005; 79:375-382.

Weder W, Schmid RA, Bruchhaus H, Hillinger S, von Schulthess GK,
Steinert HC. Detection of extrathoracic metastases by positron emis-
sion tomography in lung cancer. Ann Thorac Surg 1998; 66:886-892.
Erasmus JJ, Patz EF Jr, McAdams HP, et al. Evaluation of adrenal
masses in patients with bronchogenic carcinoma using 18F-fluo-
rodeoxyglucose positron emission tomography. AJR Am J
Roentgenol 1997; 168:1357-1360.

Blake MA, Slattery JM, Kalra MK, et al. Adrenal lesions: characteriza-
tion with fused PET/CT image in patients with proved or suspected
malignancy--initial experience. Radiology 2006; 238:970-977.
Kolesnikov-Gauthier H, Levy E, Merlet P, et al. FDG PET in patients
with cancer of an unknown primary. Nucl Med Commun 2005;
26:1059-1066.

Hainsworth JD, Greco FA. Management of patients with cancer of
unknown primary site. Oncology (Williston Park) 2000; 14:563-574;
discussion 574-579.

Bohuslavizki KH, Klutmann S, Kroger S, et al. FDG PET detection of
unknown primary tumors. J Nucl Med 2000; 41:816-822.
Delgado-Bolton RC, Fernandez-Perez C, Gonzalez-Mate A, Carreras
JL. Meta-analysis of the performance of 18F-FDG PET in primary
tumor detection in unknown primary tumors. J Nucl Med 2003;
44:1301-1314.

Flamen P, Stroobants S, Van Cutsem E, et al. Additional value of
whole-body positron emission tomography with fluorine-18-2-fluo-
ro-2-deoxy-D-glucose in recurrent colorectal cancer. J Clin Oncol
1999; 17:894-901.

Bipat S, van Leeuwen MS, Comans EF, et al. Colorectal liver metas-
tases: CT, MR imaging, and PET for diagnosis—meta-analysis.
Radiology 2005; 237:123-131.

von Schulthess GK, Steinert HC, Hany TF. Integrated PET/CT: current

DECEMBER 2006

Downloaded from www.ccjm.org on August 21, 2025. For personal use only. All other uses require permission.


http://www.ccjm.org/

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

applications and future directions. Radiology 2006; 238:405-422.
Kim JH, Czernin J, Allen-Auerbach MS, et al. Comparison between
18F-FDG PET, in-line PET/CT, and software fusion for restaging of
recurrent colorectal cancer. J Nucl Med 2005; 46:587-595.

Fukui MB, Blodgett TM, Snyderman CH, et al. Combined PET-CT in
the head and neck: part 2. Diagnostic uses and pitfalls of oncologic
imaging. Radiographics 2005; 25:913-930.

Therasse P, Arbuck SG, Eisenhauer EA, et al. New guidelines to evalu-
ate the response to treatment in solid tumors. European
Organization for Research and Treatment of Cancer, National Cancer
Institute of the United States, National Cancer Institute of Canada. J
Natl Cancer Inst 2000; 92:205-216.

Kostakoglu L, Coleman M, Leonard JP, Kuji |, Zoe H, Goldsmith SJ.
PET predicts prognosis after 1 cycle of chemotherapy in aggressive
lymphoma and Hodgkin's disease. J Nucl Med 2002; 43:1018-1027.
Wieder HA, Brucher BL, Zimmermann F, et al. Time course of tumor
metabolic activity during chemoradiotherapy of esophageal squa-
mous cell carcinoma and response to treatment. J Clin Oncol 2004;
22:900-908.

Ott K, Fink U, Becker K, et al. Prediction of response to preoperative
chemotherapy in gastric carcinoma by metabolic imaging: results of
a prospective trial. J Clin Oncol 2003; 21:4604-4610.

Weber WA, Petersen V, Schmidt B, et al. Positron emission tomogra-
phy in non-small-cell lung cancer: prediction of response to
chemotherapy by quantitative assessment of glucose use. J Clin
Oncol 2003; 21:2651-2657.

Brun E, Kjellen E, Tennvall J, et al. FDG PET studies during treatment:
prediction of therapy outcome in head and neck squamous cell carci-
noma. Head Neck 2002; 24:127-135.

Surbone A, Longo DL, DeVita VT Jr, et al. Residual abdominal masses
in aggressive non-Hodgkin’s lymphoma after combination
chemotherapy: significance and management. J Clin Oncol 1988;
6:1832-1837.

Jerusalem G, Beguin Y, Fassotte MF, et al. Whole-body positron emis-
sion tomography using 18F-fluorodeoxyglucose for posttreatment
evaluation in Hodgkin's disease and non-Hodgkin’s lymphoma has
higher diagnostic and prognostic value than classical computed
tomography scan imaging. Blood 1999; 94:429-433.

Romer W, Hanauske AR, Ziegler S, et al. Positron emission tomogra-
phy in non-Hodgkin’s lymphoma: assessment of chemotherapy with
fluorodeoxyglucose. Blood 1998; 91:4464-4471.

Spaepen K, Stroobants S, Dupont P, et al. Prognostic value of
positron emission tomography (PET) with fluorine-18 fluoro-
deoxyglucose ([18F]FDG) after first-line chemotherapy in non-
Hodgkin's lymphoma: is [18F]FDG-PET a valid alternative to conven-
tional diagnostic methods? J Clin Oncol 2001; 19:414-419.

Greven KM, Williams DW 3rd, McGuirt WF Sr, et al. Serial positron
emission tomography scans following radiation therapy of patients
with head and neck cancer. Head Neck 2001; 23:942-946.

Shaw LJ, Iskandrian AE. Prognostic value of gated myocardial perfu-
sion SPECT. J Nucl Cardiol 2004; 11:171-185.

Machac J. Cardiac positron emission tomography imaging. Semin
Nucl Med 2005; 35:17-36.

44. Bateman TM, Heller GV, McGhie Al, et al. Diagnostic accuracy of
rest/stress ECG-gated Rb-82 myocardial perfusion PET: comparison with
ECG-gated Tc-99m sestamibi SPECT. J Nucl Cardiol 2006; 13:24-33.

45. Go RT, Macintyre WJ, Chen EQ, Cook SA, Neumann DR, Saha GB.
Current status of the clinical applications of cardiac positron emission
tomography. Radiol Clin North Am 1994; 32:501-519.

46. Klocke FJ, Baird MG, Lorell BH, et al; American College of
Cardiology; American Heart Association; American Society for
Nuclear Cardiology. ACC/AHA/ASNC guidelines for the clinical use of
cardiac radionuclide imaging—executive summary: a report of the
American College of Cardiology/American Heart Association Task
Force on Practice Guidelines (ACC/AHA/ASNC Committee to Revise
the 1995 Guidelines for the Clinical Use of Cardiac Radionuclide
Imaging). J Am Coll Cardiol 2003; 42:1318-1333.

47. Travin MI, Bergmann SR. Assessment of myocardial viability. Semin
Nucl Med 2005; 35:2-16.

48. Allman KC, Shaw LJ, Hachamovitch R, Udelson JE. Myocardial viabili-
ty testing and impact of revascularization on prognosis in patients
with coronary artery disease and left ventricular dysfunction: a meta-
analysis. J Am Coll Cardiol 2002; 39:1151-1158.

49. Knuesel PR, Nanz D, Wyss C, et al. Characterization of dysfunctional
myocardium by positron emission tomography and magnetic reso-
nance: relation to functional outcome after revascularization.
Circulation 2003; 108:1095-1100.

50. Silverman DH. Brain 18F-FDG PET in the diagnosis of neurodegenera-
tive dementias: comparison with perfusion SPECT and with clinical
evaluations lacking nuclear imaging. J Nucl Med 2004; 45:594-607.

51. Heiss WD, Herholz K. Brain receptor imaging. J Nucl Med 2006;
47:302-312.

52. Herholz K, Heiss WD. Positron emission tomography in clinical neu-
rology. Mol Imaging Biol 2004; 6:239-269.

53. Halliday S, Thrall JH. The business of PET/CT. AJR Am J Roentgenol
2005; 184(5 Suppl):S152-S155.

54. Bietendorf J. FDG PET reimbursement. J Nucl Med Technol 2004;
32:33-38.

55. Juweid ME, Cheson BD. Positron-emission tomography and assess-
ment of cancer therapy. N Engl J Med 2006; 354:496-507.

I ADDITIONAL READING

Alavi A, Lakhani P, Mavi A, Kung JW, Zhuang H. PET: a revolution in med-
ical imaging. Radiol Clin North Am 2004; 42:983-1001.

Kapoor V, McCook BM, Torok FS. An introduction to PET-CT imaging.
Radiographics 2004; 24:523-543.

Kostakoglu L, Agress H Jr, Goldsmith SJ. Clinical role of FDG PET in evalu-
ation of cancer patients. Radiographics 2003; 23:315-340.

Rohren EM, Turkington TG, Coleman RE. Clinical applications of PET in
oncology. Radiology 2004; 231:305-332.

ADDRESS: Bohdan Bybel, MD, Department of Molecular and Functional
Imaging, Cleveland Clinic, 9500 Euclid Avenue, Cleveland, OH 44195;
e-mail bybelb@ccf.org.

CLEVELAND CLINIC JOURNAL OF MEDICINE VOLUME 73 ¢ NUMBER 12 DECEMBER 2006 1087

Downloaded from www.ccjm.org on August 21, 2025. For personal use only. All other uses require permission.


http://www.ccjm.org/

