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Molecular imaging (MI) may be defined as imaging in vivo using
molecules that report on biologic function. This review will focus on
the clinical use of radioactive tracers (nonpharmacologic amounts of
compounds labeled with a radioactive substance) that permit
external imaging using single photon emission computed tomogra-
phy (planar, SPECT) or positron emission tomography (PET) imag-
ing. Imaging of lung cancer has been revolutionized with the use of
fluorine-18–labeled fluorodeoxyglucose (18F-FDG), an analog of
glucose that can be imaged using PET. The ability to carry out whole
body imaging after intravenous injection of 18F-FDG allows accurate
staging of disease, helping to determine regional and distant nodal
and other parenchymal involvement. Glycolysis is increased in non-
malignant conditions, including inflammation (e.g., sarcoidosis),
and 18F-FDG PET is a sensitive method for evaluation of active
inflammatory disease. Inflammatory disease has been imaged, even
before the advent of PET, with planar and SPECT imaging using
gallium-67, a radiometal that binds to transferrin. Metabolic alter-
ation in pulmonary pathology is currently being studied, largely in
lung cancer, primarily with PET, with a variety of other radiotracers.
Prominent among these is thymidine; fluorine-18–labeled thymi-
dine PET is being increasingly used to evaluate proliferation rate in
lung and other cancers. This overview will focus on the clinical utility
of 18F-FDG PET in the staging and therapy evaluation of lung cancer
as well as in imaging of nonmalignant pulmonary conditions. PET
and SPECT imaging with other radiotracers of interest will also be
reviewed. Future directions in PET imaging of pulmonary patho-
physiology will also be explored.
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Molecular imaging reveals the functional characteristics of
disease. Hence it is important to remember that molecular
characteristics may reflect a variety of pathophysiologic con-
ditions; thus, patient characteristics need to be borne in mind to
enable optimal utilization of these tremendously useful imaging
modalities. Glycolysis is elevated in a multitude of cancers as
well as in nonmalignant disorders. Conversely, glycolysis may
not be elevated in some malignancies, including some aggres-
sive cancers that may use other metabolic substrates (e.g.,
glutamine) for energy. Similarly, other radiotracers also detect
underlying molecular processes: gallium uptake occurs not only
in neoplasms (e.g., high grade lymphoma), but also in inflam-
matory conditions, such as Pneumocystis carinii pneumonia.
This review will therefore address each molecular imaging
modality and assess its role in both malignant and inflammatory
pulmonary conditions. Finally, references will be selected for
their relevance as well as their comprehensiveness: recent
reviews rather than studies will be preferred.

POSITRON EMISSION TOMOGRAPHY

Positron emission tomography (PET) enables in vivo imaging of
the distribution of fluorodeoxyglucose (FDG) (and other
positron-emitting ligands) with high(, 1 cm) resolution and
high (nanomolar) sensitivity. The addition of transmission
computed tomography (CT) to PET instruments results in
images that provide both functional/molecular information
and structural images, and PET/CT has consequently become
the most rapidly developing medical imaging modality.

Deoxyglucose is an analog of glucose that enters the cell by
facilitated transport mediated by glucose transporters. While it is
phosphorylated by hexokinase in a manner identical to glucose, it
does not proceed further down the glycolysis pathway and thus
accumulates in the cell. Accumulation of deoxyglucose in the cell
is therefore proportional to its glycolytic rate. The attachment to
deoxyglucose of fluorine-18, a positron emitter with an approx-
imately 110-minute half-life, resulting in fluorodeoxyglucose or
FDG, permits external imaging using PET. Cancer cells typically
have high rates of glycolysis; cancers therefore appear as areas of
tracer accumulation on FDG PET/CT.

PET/CT with 18F-FDG is being used to stage a variety of
epithelial and other neoplasms. The first FDA-approved appli-
cation of 18F-FDG was in the evaluation of solitary pulmonary
nodules (1). The accuracy of detection of malignant pulmonary
lesions using FDG PET is very high, typically more than 90% (2).
Moreover, the ability to image the entire body enables evaluation
of nodal status as well as presence of distant metastases. Figure 1
is an example of a patient with a lung cancer, with additional foci
of accumulation in the nodes and bones, indicative of (previously
unsuspected) distant disease, and altering patient management.

In addition to aiding accurate staging of disease, FDG PET/
CT is also very useful in the evaluation of response to therapy.
Figure 2 is one such example. The same patient as depicted in
Figure 1 was imaged 3 months after systemic therapy. The
previously visualized lesions are far less intense after therapy,
indicative of response. Note that the structural abnormality in
this patient has not altered—as may be intuitive, changes in
molecular and functional characteristics occur before structural
change is apparent. Most studies have demonstrated the utility
of FDG PET in the evaluation of response to therapy after
completion of therapy; an increasing number of studies have
suggested that such evaluation is also useful soon after initiation
of therapy (i.e., after the first course of chemotherapy). Vali-
dation of this promising approach is ongoing.

It must be remembered that glycolysis may be altered in
conditions other than lung cancer. Thus, FDG PET/CT will
detect pulmonary lesions in other malignancies, most commonly
lymphoma (1, 3). Finally, some malignancies (e.g., bronchio-
loalveolar carcinoma) are not glycolytically active and thus are
frequently negative on FDG PET/CT.

Other metabolic tracers have also been studied in patients
with lung cancer. The most actively studied has been radio-
labeled thymidine. Thymidine is a nucleoside that is incorpo-
rated into DNA, and uptake of radiolabeled (with chromium or
tritium) thymidine is used in vitro to measure cell proliferation.
Carbon-11 is a positron emitter with a half-life of approximately
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20 minutes, and 11C-labeled thymidine was used to image cell
proliferation in a variety of cancers; subsequently, 18F-l-thymi-
dine (FLT) has been used to image proliferation in lung and
other cancers (4). Glycolytically active lesions such as tubercu-
losis, with minimal cell proliferation, may be distinguished from
highly proliferative lung cancers using this method.

The utility of FDG PET to delineate metabolically viable
tumor has found increasing application in the identification of
appropriate tumor volumes for external beam radiotherapy (5).
Frequently, structural imaging is inadequate for this purpose, since
lung cancer may be indistinguishable structurally from contiguous
processes such as collapse, or neighboring normal mediastinal

Figure 1. Patient with lung cancer, imaged with fluorodeoxyglucose (FDG) positron emission tomorgraphy (PET)/computed tomography (CT). The

patient had known right lung cancer and hilar metastasis (A, arrows); right supraclavicular nodal metastasis (B, arrow) and left femoral osseous
metastasis (C, arrow) were revealed on FDG PET/CT, changing management.

Figure 2. Same patient as in
Figure 1, before (left) and after

(right) therapy. The bone le-

sion (arrows) is much less gly-

colytically active after therapy,
though it appears unchanged

on companion CT.
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structures. Molecular imaging is invaluable in such instances for
accurate identification of tumor; it can also aid in the delineation
of tumor volumes for therapy (appropriate methods for delinea-
tion are currently being evolved, though there is currently a lack
of consensus on standardization of the technique) (6).

Increased glycolysis is also a function of many inflammatory
conditions. Thus, FDG PET/CT frequently detects active in-
flammatory conditions such as sarcoidosis (7). The imaging
modality has been used to assess the presence of active disease
as well as disease response to therapy. Figure 3 is an example of
a patient with sarcoidosis. Note that the bilateral glycolytically
active adenopathy is indistinguishable from that in lymphoma
(though the symmetric distribution is more characteristic of
sarcoid). Other infectious conditions (such as active tuberculo-
sis) will also result in foci of increased FDG accumulation, and
may confound image interpretation. Tuberculosis is in fact
usually indistinguishable from primary malignancy, and biopsy
confirmation may be necessary. This has limited the utility of
FDG PET in the identification of lung malignancy in regions
where tuberculosis is prevalent.

IMAGING THE CANCER PHENOTYPE

In addition to PET imaging of metabolic processes, there has
been increasing interest in noninvasive in vivo evaluation of
features of the cancer phenotype, particularly those that have
an impact on outcome. Hypoxia has been the best studied of
these features. Several studies have shown that patients with
hypoxic tumors respond less well to therapy and have shortened
disease-free and overall survival. 2-nitroimidazole compounds
accumulate in hypoxic tissue, and the ability to attach positron
emitters to many such compounds led to their study as PET
imaging agents of hypoxia (8), with the observation that these
tracers accumulated in hypoxic tumors, and that a positive PET
image correlated negatively with response and survival end-
points. Another agent, Cu(II)-diacetyl-bis(N4)-methylthiosemi-
carbazone (Cu-ATSM), has also been studied with comparable
results (9).

Tumor vascularity is another feature of the cancer pheno-
type that has implications for prognosis as well as for de-

velopment of appropriate therapies. Imaging of neovasculature
in tumor has important implications for design of appropriate
therapies that adversely impact tumor vascularity. PET agents
have been developed and are being studied in the clinic (10), as
are agents labeled with technetium-99m (99mTc), a single pho-
ton emitting agent that is widely available (11).

SINGLE PHOTON IMAGING

Planar g camera imaging of pulmonary function predates PET
imaging by decades. The most widely used planar imaging has
been with particles (typically macro-aggregated albumin,
MAA) labeled with a single photon emitter. These particles
lodge in the first pre-arteriolar bed. Thus, when injected in-
travenously, they are trapped in the pulmonary vasculature. The
most widely used single photon emitter, 99mTc, has a half-life of
6 hours and decays exclusively by emission of a low-energy
(140 KeV) photon, with consequent excellent imaging charac-
teristics for g camera imaging. 99mTc-labeled MAA is the most
widely used agent for single photon imaging of the pulmonary
vasculature, and is the standard for evaluation of relative
(segmental and individual) pulmonary perfusion. Such imaging
is being found to be increasingly useful in avoidance of normal
lung during external beam therapy in patients with lung cancer
(5). Comparable methods have also been developed for evalu-
ation of pulmonary ventilation, typically using inert gases
(xenon-133, krypton-81m), as well as radioaerosols (12).

Single photon imaging—planar and SPECT—has also been
used in evaluation of pulmonary infections. The most widely
used tracer for this purpose has been gallium-67 citrate, which
has very high accuracy in the detection of this condition in the
appropriate clinical setting (13). Positive images may be
obtained as soon as 4 hours after administration of the
radiotracer. A positive image is characterized by diffuse uptake
of tracer throughout both lungs (Figure 4), though the distri-
bution may be bibasilar, especially in patients who have been
receiving pentamidine aerosol prophylaxis.

In contrast to positron emitters, most of which are relatively
short-lived, half-lives of single photon emitters are longer. This
enables the evaluation of agents with relatively long biologic
half-lives, typically macromolecules, that permit appropriate
radionuclide attachment. Radiolabeled antibodies have been
studied to evaluate organ biodistribution and tumor targeting of
the native molecule. A study (14) with an antibody targeting
epidermal growth factor receptor (EGFr) demonstrated that at
small mass amounts, most of the antibody went to normal EGFr
sites in the liver, precluding targeting to squamous lung cancer.
Only at higher doses was there targeting to tumor.

Targeting of antibody to tumor was also demonstrated using
indium-111 (111In, a single photon emitter with an z3-d half-life)
labeled to an antibody that recognizes Lewis-y, an antigen known
to be overexpressed in the majority of small cell lung cancers
(15). Small cell lung cancer is sensitive to both radiotherapy and
immunotherapy, and this study has led to the exploration of
radioimmunotherapy in this disease. Imaging with this agent will
also provide a noninvasive method for identification of antigen-
positive disease, thus selecting patients for appropriate therapy.

SUMMARY AND FUTURE

Molecular imaging of lung cancer will play an increasingly
important role in staging of disease as well as in evaluation of
treatment response. FDG PET is being increasingly used for the
evaluation of solitary pulmonary nodules; for staging of patients
with lung cancer, both for mediastinal involvement and distant
metastases, and for response to therapy (16). FDG PET/CT

Figure 3. Chest FDG PET of a pa-

tient with active sarcoidosis. Bi-

lateral inflamed mediastinal
nodes (arrows) are a characteristic

feature of this disease.
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permits identification of treatment volume for radiation therapy
(16, 17), though it may not be as useful for adaptive radiother-
apy, since glycolysis may also be increased in normal contiguous
lung during radiotherapy, particularly as a consequence of
inflammatory change.

The limitations of FDG have led to the development of other
positron-emitting radiotracers for the evaluation of lung cancer
(18). Radiolabeled thymidine has been described earlier in this
review; PET with 18FlT promises to become an established
method for the in vivo evaluation of tumor proliferation. Other
metabolic tracers that are currently being studied include radio-
labeled (C-11 or F-18) choline and acetate, to study membrane
integrity and fatty acid synthesis, respectively; amino acids (e.g.,
methionine) have been studied in other cancers and may have
applicability in lung cancers, particularly those tumors that
obtain their energy through mechanisms other than glycolysis.

Radiation-absorbed dose to lung cancer as well as normal
parenchyma may be calculated using SPECT and PET. Figure 5
is an example of a patient with metastatic thyroid cancer studied
with iodine-124, an isotope with an approximately 4-day half-
life. Targeting of the isotope to diffuse lung metastases (Figure
5, arrow) is apparent. The quantitative nature of PET permits
identification of disease as well as calculation of radiation-
absorbed dose, permitting calculation of safe amounts of I-131
for therapy. The development of hybrid SPECT/CT machines,
which provide structural volumetric information to single
photon imaging, will further enable quantification of radioac-
tivity and permit accurate quantitation of radiation doses after
systemic radiotherapy.

Features of the cancer phenotype including hypoxia and
neovascularity have been studied in lung cancer, and systematic
validation studies are planned. The ability to attach radionuclides
to the growing array of molecular therapies of promise in lung
cancer should considerably aid in the identification of molecules
with desirable targeting and biodistribution characteristics.

While the focus of molecular imaging research has been
cancer, imaging of inflammatory and other pulmonary condi-
tions has proceeded apace; it is beyond the scope of this
essentially clinical review.
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