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Abstract: The thorax has many important structures within, therefore a deep
knowledge of its anatomy and developing a search pattern in thoracic imaging
are critical in disease identification and characterization of disease. With the
increase in clinical utilization of molecular imaging techniques, along with the
continuous development of new radiopharmaceuticals, the role of molecular
imaging and targeted radiotherapy of thoracic tumors is expanding. PET/CT
and PET / MRI imaging play an imminent role in thoracic oncology such as
pulmonary nodule evaluation, initial disease staging, therapy planning, response
evaluation, and post treatment monitoring for disease recurrence. The purpose
of this chapter is to give an overview of the various clinical uses, advantages,
pitfalls, and advancements in molecular imaging and therapy of lung and pleu-
ral tumors.
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INTRODUCTION

Fluorodeoxyglucose positron emission tomography in combination with com-
puted tomography (FDG PET/CT) plays a well-recognized role in oncology, espe-
cially in the evaluation and management of thoracic tumors (1). Lung cancer is
the common fatal malignancy in men and women and more than 50% of primary
lung cancer patients have metastasis at the time of diagnosis. Therefore, it is essen-
tial to stage and evaluate patients with lung cancer before starting appropriate
therapy. Molecular imaging has various roles in the staging, treatment planning,
response assessment, and restaging of lung tumors. The prompt and accurate
characterization of solitary pulmonary nodules by imaging is mandatory, as it
contributes approximately 20% of primary lung tumors (2, 3).

This chapter reviews the role of molecular imaging in the evaluation of solitary
pulmonary nodules, lung cancers, and pleural tumors. It discusses in detail the
utility of different radiopharmaceuticals, indications, advantages, and pitfalls of
molecular imaging in the evaluation of these tumors. This chapter also provides
information on non-FDG PET radiopharmaceuticals, advancements in imaging
techniques such as artificial intelligence, and changes in response assessment,
especially with immunotherapies, in thoracic tumor imaging.

MOLECULAR IMAGING OF SOLITARY
PULMONARY NODULES

Solitary pulmonary nodules (SPNs) are common clinical findings, often
incidental, that may represent malignant disease in the lung. SPNs are defined as
single, well defined pulmonary nodules with a diameter less than 3 cm and
surrounded by normal lung tissue that is not associated with atelectasis or ade-
nopathy (4).

The detection of SPNs is rapidly increasing mainly due to the increased use of
multidetector computed tomography (MDCT) and low-dose chest computed
tomography (LDCT) screening protocols (2). It is important to characterize these
nodules as benign or malignant, as 96% of the nodules detected on LDCT are
nonmalignant and further evaluation of these nodules can add to the cost, and
procedure-related complications. The average risk of malignancy for nodules
greater than 3 mm is 3% (3, 4). Chest CT, 18F- fluorodeoxyglucose positron emis-
sion tomography — computed tomography (18F-FDG PET/CT), or tissue sam-
pling are acceptable to investigate solitary pulmonary nodules (5).

Contrast enhancement CT and 18F-FDG PET/CT are the two preferred non-
invasive techniques used to characterize indeterminate SPNs. In nodule-
enhancing CT lesions that have enhancement greater than 15 Hounsfield units
(HU) from the unenhanced level to the peak contrast-enhancement are consid-
ered ‘likely malignant’, whereas those nodules that have enhancement less than
15 HU are considered ‘likely benign’. A recent multicenter CT analysis of nodule
enhancement using these criteria showed a sensitivity of 98% and a specificity of
58% (6).
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Role of 18F-FDG PET/CT

18F-FDG PET/CT has been widely studied for its use in the accurate character-
ization of SPNs because it localizes to the lesion proportionate to its metabolic
activity. An example of an FDG avid SPN is shown in Figure 1. Solitary pulmo-
nary nodules in PET/CT are analyzed qualitatively and quantitatively.
Qualitatively, metabolic activity in the SPN is visually compared with the activ-
ity of the mediastinal blood pool; SNPs with metabolic activity greater than the
mediastinal blood pool are likely malignant. For quantitative assessment, a
standardized uptake value (SUV) can be used and SUV greater than 2.5 defines
the SPNs as malignant with a relatively high degree of sensitivity and specificity
(7). However, this 2.5 threshold is arbitrary as newer PET scanners generally
provide higher uptake values than older machines. Additionally, the SUV is
underestimated for small nodules due to the partial-volume effect, and for lower
lung nodules near the diaphragm due to respiratory motion. Furthermore, in
the past, when FDG PET imaging was a new modality, the 2.5 threshold was
used, although it has been proven to be suboptimal subsequently, as low-grade
malignancies can have low SUVs and active infectious/inflammatory etiologies

2475mm

Figure 1. Right upper lung pulmonary nodule that was pathologically confirmed as invasive
moderately differentiated adenocarcinoma. FDG PET/CT images include axial CT (top left
panel), axial PET (top right panel), fused axial PET/CT (bottom left panel), and maximum
intensity projection (MIP) PET image (bottom right panel). In the green circle, there is a right
upper lobe pulmonary nodule on CT with intense FDG uptake on PET. There was additional
mild to moderately FDG-avid lymph nodes (not on the included PET/CT images and faintly
seen on the MIP image) that were suspicious for metastatic disease.
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can have high SUVs. However, SUV on 18F-FDG PET/CT correlates well with
Ki-67 (a marker of cell proliferation) and the intensity of FDG uptake/SUV has
a correlation with grade and aggressiveness of the lesion and consequently
prognostic significance. Using these criteria, recent studies have shown a
sensitivity of 92-96% and a specificity of 77-90% using 18F-FDG PET/CT for
detecting malignancy (8). A multicenter study by Lowe et al. showed sensitivi-
ties of 100% and 80%, and specificities of 74% and 95%, for visual and SUV
analyses of SPNs, respectively (9). A recent meta-analysis of studies using
18F-FDG PET/CT for the evaluation of SPNs showed a sensitivity of 96.8% and
a specificity of 77.8% (7).

18F-FDG PET/CT is used as an adjunctive imaging modality for nodules
measuring more than 8 mm (5). PET should be included in a global strategy for
characterizing SPNs that considers not only their size, doubling time, morphol-
ogy, and density, but also the clinical likelihood of malignancy.

Qualitative interpretation of 18F-FDG PET/CT through a comparison of SPN
and metabolic activity of the mediastinal blood pool provides the best balance of
sensitivity and specificity for the accurate diagnosis of malignant nodules. SUV
analysis can then be reserved for those patients in whom the qualitative interpre-
tation is equivocal. Nodules with greater metabolic activity than the mediastinal
blood pool are likely malignant and should undergo further invasive resection or
biopsy. SPNs that have activity less than the mediastinal blood pool are likely
benign, but due to imperfect sensitivity, these nodules should be examined with
serial radiologic imaging for further workup of malignant conditions. Sometimes,
the attenuation-corrected images used in modern hybrid PET-CT machines can
result in an underestimation of the positron counts in peripheral tissue and low-
density regions, especially in lung tissue, and prevent the proper visualization of
small nodules. Hence, it may be helpful to view both attenuation-corrected and
nonattenuation-corrected images.

18F-FDG PET/CT demonstrates excellent performance in classifying SPNs as
benign or malignant. Combining anatomical and metabolic imaging is synergistic
by maintaining the sensitivity of CT and the specificity of PET, resulting in an
overall significantly improved accuracy. 18F-FDG PET/CT can ultimately lead to
considerable cost savings by reducing the number of biopsies and surgical inter-
ventions. Not all patients can undergo biopsy due to comorbidities or not being a
surgical candidate or inaccessible to bronchoscopy. In such a scenario, radiation
oncologists may prefer to treat lesions based on PET findings and clinical evalua-
tion without biopsy confirmation. Furthermore, a pulmonary nodule in a patient
with a known primary malignancy could represent a metastatic nodule of that
primary malignancy, as shown in Figure 2.

Pitfalls of 18F FDG PET/CT in the assessment of SPNs

18F- FDG PET/CT can show false negative findings mainly because of the size of
the nodules, and also due to the resolution of the camera (10). 18F-FDG PET/CT
can also have false negative findings in malignant lesions with low metabolic
activity, as seen in low-grade neoplasms such as lepidic adenocarcinoma and typi-
cal carcinoid (11). 18F-FDG PET/CT can have false positive findings in infection
and inflammation. Histoplasmosis, sarcoidosis, foreign body reaction to talc, case-
ating granuloma, and nonspecific benign abnormalities in the resection margin
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Figure 2. Breast cancer with metastatic pulmonary nodules. FDG PET/CT images include axial
CT (top left panel), axial PET (top right panel), fused axial PET/CT (bottom left panel), and PET
image with maximum intensity projection (MIP) (bottom right panel). In the green circle,
there is a small sub-centimeter left upper lobe pulmonary nodule with mildly increased FDG
uptake (SUV max of 3.7) above the background of the mediastinal blood pool. There were
additional sites of FDG-avid pulmonary nodules and breast nodules (not included on the
PET/CT images though some can be seen on the MIP image) that were most suspicious of
metastatic disease.

are examples that can result in false positive studies. However, these false negative
and false positive nodules could be mitigated by correlating imaging findings with
other important clinical parameters such as history, physical examination, risk
factors, and laboratory studies.

Moreover, the uptake level and SUV measurement in the small nodules is
affected by its location, partial volume effect, and respiratory blurring (12). SUV
max is underestimated in small nodules, as the spatial resolution of a modern
scanner is not suitable to evaluate nodules with a diameter less than approxi-
mately 0.7cm (13). Another concern is that 18F-FDG PET/CT may detect addi-
tional findings of little clinical significance and addressing these findings can
further increase the cost of care.

Delayed imaging

To overcome false positive and false negative findings in the analysis of SPNs
using 18F-FDG PET/CT, dual time point imaging could be used as an adjunct to
the regular protocol; however, its diagnostic value is still debatable. A meta-
analyses conducted in 2012 concluded that the overall diagnostic accuracy was
similar for single and dual time point scans (14).
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Other radiopharmaceuticals

18F-fluorothymidine (FLT) is a thymidine analog. The level of FLT uptake is an
indicator of the tumor proliferation rate. In a small series of patients who under-
went PET, the specificity of FLT was found to be greater than that of FDG, but its
use led to a decrease in sensitivity and a higher false negative rate (15). Other
molecular imaging agents of potential interest are 18F-fluorodihydroxyphenylala
nine (FDOPA) and various somatostatin analogs such as 68Ga-DOTATOC and
68Ga-DOTANOC for neuroendocrine tumors, fluor-estradiol (FES), and prostate
membrane specific agents (PSMA) for specific situations (16).

Respiratory gating

To minimize the ‘volume dilution’ or ‘partial volume’ effect, various respiratory
gating techniques have been developed to synchronize PET data acquisition and
breathing cycles. These have provided encouraging results mainly for lower lung
nodules near the diaphragm. There are many different gating modalities. However,
gating is associated with several disadvantages. For example, in addition to its
high cost, it also extends scan time and therefore increases the likelihood of
patient movement (17).

SPN calculator

There are online SPN calculators available that also include parameters to predict
the risk of malignancy. The combination of visually interpreted 18F-FDG PET/CT
scans and clinical pre-test factors appear to yield the best accuracy.

MOLECULAR IMAGING OF LUNG CANCER

Lung cancer continues to be the leading cause of cancer death worldwide (18). In
2021, an estimated total of 235,760 new cases of lung cancer were diagnosed.
These incident cases place lung cancer as the second most common cancer
(excluding non-melanoma skin cancers) in males and females (19).

Lung cancers are traditionally divided into non—small cell lung carcinoma
(NSCLC) and small cell carcinoma (small cell lung carcinoma, SCLC), with the
former accounting for 80% of the cases and the latter accounting for the remain-
ing 20%. The introduction of immunohistochemistry and molecular markers in
the classification of lung cancer has led to a more precise pathologic and genetic
classification, allowing for better therapeutic strategies. For convenience, lung
tumors could be broadly classified as neuroendocrine and non-neuroendocrine
tumors (Table 1).

Heterogeneity in FDG avidity of lung cancer subtypes

The FDG avidity of lung cancer is mainly dependent on two factors: tumor size,
and histology. For nodules greater than 8 mm, 18F-FDG PET/CT has a high nega-
tive predictive value in excluding malignancy (20). Squamous cell carcinoma
tends to have a higher uptake as shown in Figure 3. Low-grade adenocarcinoma,
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TABLE 1 Classification of lung tumors
Non-neuroendocrine Neuroendocrine
i. Adenocarcinoma and its variants i. Neuroendocrine tumors

- Lepidic - Typical carcinoid

- Acinar - Atypical carcinoid

- Papillary ii. Neuroendocrine carcinoma

- Invasive mucinous, etc. - Small cell neuroendocrine carcinoma

ii. Squamous cell carcinoma - Large cell neuroendocrine carcinoma
iii. Miscellaneous

- Spindle cell carcinoma
- Carcinosarcoma

i 228

Figure 3. Right upper lung mass that was pathologically confirmed as squamous cell carcinoma.
FDG PET/CT images include axial CT (top left panel), axial PET (top right panel), fused axial
PET/CT (bottom left panel), and maximum intensity projection (MIP) PET image (bottom right
panel). In the green circle, there is a lobulated and spiculated right upper lobe mass on

CT with intense FDG uptake on PET.

mucinous adenocarcinoma, colloid carcinoma, and typical carcinoid can have
very low FDG avidity. Bronchoalveolar carcinoma (BAC), a well-differentiated
subtype tends to have peak SUV (1.5 + 0.2) lower than all other non-BAC adeno-
carcinomas (SUV, 3 =1.5). False positive FDG uptake can be seen in infectious and
inflammatory lesions.
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Staging

Accurate staging of lung cancer is mandatory after the diagnosis for appropriate
patient management. Many guidelines such as the National Comprehensive
Cancer Network (NCCN), the ESMO Clinical Practice Guidelines, the American
College of Radiology Appropriateness Criteria, the guidelines of the Society of
Nuclear Medicine and Molecular Imaging, and the guidelines of the American
College of Chest Physicians recommend 18F-FDG PET/CT for evaluation of
patients with stage I to stage IV NSCLC (21-24). For the staging of NSCLC, the
most standardized and recognized system is the TNM system, where T denotes
the size of the primary tumor, its location and level of invasion; N indicates the
status of regional lymph nodes; and M refers to the presence or absence of more
distal metastases (25). FDG PET/CT plays a vital role in the staging of T, N, and
M of lung cancer and an example of FDG avid primary and metastatic tumors
is shown in Figure 4.

T staging

For T staging, 18F-FDG PET/CT has limited added diagnostic value as all patients
probably had contrast-enhanced CT for initial staging, which provides better ana-
tomic lesion characterization.

Figure 4. Right upper lobe lung mass that was pathologically confirmed as poorly differentiated
non-small cell lung cancer. FDG PET/CT images include axial CT (top left panel), axial PET (top
right panel), fused axial PET/CT (bottom left panel), and maximum intensity projection (MIP)
PET image (bottom right panel). In the green circle, there is a spiculated pleural based right
upper lobe mass with surrounding interlobular septal thickening on CT with intense FDG
uptake on PET. There are additional FDG-avid metastatic foci within the lungs and
mediastinal lymph nodes.
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N staging

The detection of hilar and/or mediastinal lymph node involvement is an important
determinant of prognosis in patients with NSCLC, especially when there is no
distant metastasis. Lymph nodes measuring more than 1 cm in the short axis or
nodes with FDG uptake greater than the mediastinal blood pool are considered
pathological. As infectious and inflammatory lymph nodes could have false-
positive enlargement or false-positive uptake of FDG, NCCN guidelines
recommend pathologic evaluation of abnormal nodes on CT and/or PET/CT.

M staging

Distant metastases (M1) occur in 11%-36% of patients with NSCLC, with common
sites including the adrenal glands, liver, brain, bones, and abdominal lymph
nodes. 18F-FDG PET/CT plays a vital role in the detection of distant metastases
that are not well appreciated on conventional anatomic imaging modalities
(26, 27). Detection of such findings can lead to a more precise staging of the
disease and can have an impact on treatment planning. Studies have shown that
whole body 18F-FDG PET/CT done before staring the appropriate treatment had
altered the therapeutic management in up to 41% of lung cancer patients (28).
18F-FDG PET/CT altered the staging, mostly upstaging, in almost 50% of patients
who were being considered for surgical intervention (29) and thus it could lead to
less aggressive therapy and decrease the ‘futile thoracotomy rate’ (30).

Pleural metastases

Studies have reported high sensitivity with acceptable specificity for 18F-FDG
PET/CT detection of pleural metastases if pleural FDG avidity exceeds mediastinal
background uptake. A false-positive uptake can occur under conditions that cause
inflammation, such as infection or pleurodesis. A nodular pleural thickening or
involvement of the adjacent chest wall on a CT scan are often indicative of pleural
metastasis (31).

Bone metastases

PET / CT scan is more sensitive and specific than bone scan for detecting bone
marrow metastases, with a high positive predictive value. 18F-FDG PET/CT scan
can detect abnormal metabolic activity in metastatic lesions before structural
imaging can detect changes in morphology. In NSCLC, focal FDG uptake in the
bone marrow without lytic or sclerotic changes on CT has a 61% probability of
metastatic disease. According to NCCN guidelines, routine bone scans are not
recommended for the staging of NSCLC (32).

Adrenal metastases

18F-FDG PET/CT exhibited good sensitivity and specificity in assessing adrenal
masses in patients with lung cancer. Metastases that involve bleeding, necrosis, or
lesions less than 1 ¢cm in diameter may have a false negative result with lack of
significant FDG uptake. False positive FDG uptake may be detected in infections
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such as tuberculosis, adrenal hyperplasia, and adrenal adenoma. If this is the only
suspected metastatic site, a tissue diagnosis is recommended. In CT, regions of
interest (ROI) that encompass two-thirds of the circumference of the adrenal
gland and CT attenuation values below 10 Hounsfield units (HU) are highly
specific for adenomas (33).

Brain metastases

18F-FDG PET/CT can be useful in detecting brain metastases, however there is a
decrease in sensitivity due to the high physiological background 18F-FDG uptake
of normal brain parenchyma. While some report that 18F-FDG-PET appears to
provide no new information on the existence of metastatic disease in the brain
compared to other imaging techniques such as MRI (34) it can be very useful in
detecting unsuspected brain metastases when other modalities such as MRI are
not available. Currently, the standard of care for all patients with clinical stage IB
is to assess the brain using a dedicated MRI of the brain.

18F FDG PET/CT staging of SCLC

Small cell lung cancer (SCLC), an aggressive neuroendocrine tumor of the lungs
with early metastases, often shows intense FDG avidity. SCLC is basically classi-
fied into two types as limited-stage disease and extensive stage, and it is very
important to stage them appropriately for selecting therapy for each category. In
general, radiation therapy is preferred for limited disease, and systemic therapy is
preferred for extensive disease. A meta-analysis found that 18F-FDG PET/CT
upstaged the disease with a change in management in approximately 15% of cases
(35). NCCN guidelines and ACR appropriateness criteria suggest staging with
18F-FDG PET/CT for patients considered for curative intent therapy with limited
stage disease (36).

Monitoring response to therapy

The treatment of NSCLC is multidisciplinary in nature, involving surgery,
radiation therapy, and systemic therapy. Imaging can play an important role in
predicting the outcome of treatment regimens (37). There are many limitations
of using anatomic imaging alone for response assessment, especially in the set-
ting of radiotherapy and novel immunotherapies. In post radiotherapy patients,
pulmonary atelectasis, radiation-induced fibrosis, and inflammatory changes
related to radiation pneumonitis may conceal primary tumor sites and give dif-
ficulty in evaluating response assessment. Even in the presence of a reduction
in tumor size with CT alone, it is difficult to accurately assess the response to
treatment. Studies have shown that CT is suboptimal in restaging the mediasti-
num after therapy (38). 18F-FDG PET/CT has a clear and well-defined role in
monitoring treatment response. 18F-FDG PET/CT can assess both the anatomi-
cal and metabolic component of tumor response in a single study. By using
metabolic criteria to assess treatment response, 18F-FDG PET/CT can help dif-
ferentiate tumor from scarring. Metabolic changes in the tumor after therapy
precede anatomical changes on CT, especially in lung tumor volume, which



Molecular Imaging of Lung and Pleural Tumors m

again favors 18F-FDG PET/CT as the imaging modality for the evaluation of
response in lung tumors. Studies have shown that 18F-FDG PET/CT is more
sensitive and specific in the evaluation of residual malignant disease or recur-
rence after intervention (39).

Timing of post-treatment 18F-FDG PET/CT

The ideal time to obtain an 18F-FDG PET/CT in the post-treatment setting is vari-
able and depends on several factors, especially the type of therapy used for treat-
ment. For chemotherapy, obtaining a PET/CT 1-2 weeks after the completion of
chemotherapy may be adequate for metabolic evaluation, with the best results
occurring 3-4 weeks after the initiation of treatment. However, the ideal time to
obtain an 18F-FDG PET/CT after radiotherapy is less straightforward, although
generally at least a 6-12-week interval after the completion of radiotherapy is rec-
ommended to allow radiation-related inflammation to subside (39). The timing
may vary for different molecular imaging agents.

Response assessment criteria

Imaging treatment response assessment in oncology can be assessed with quali-
tative or quantitative/semiquantitative methods. Validated qualitative criteria for
the evaluation of lung cancer response are the Hopkins criteria, Mac Mannus
score, Deauville score, and Kremer score. Quantitative criteria used are
RECIST1.1, PERCIST1.0 and EORTC. Although maximum standardized uptake
value corrected for body weight (SUVmax) is the most used metabolic quantita-
tive measurement for assessing tumor burden and treatment response, change in
SUV peak, metabolic tumor volumes (MTV) and tumor lesion glycolysis have
been found to be powerful predictors of response to chemotherapy in prospec-
tive trials (40). 18F-FDG PET/CT also helps in predicting the prognosis along
with assessing treatment response. It has been observed that patients who
achieve complete resolution of metabolic activity after treatment likely have a
good prognosis in comparison with those with residual metabolic activity after
completion of treatment (25).

Challenges of immunotherapy

New emerging response patterns such as pseudo progression, hyper progression,
and durable response cannot always be properly categorized using traditional
response criteria. Therefore, new response criteria specific to immunotherapy,
both anatomical and metabolic, have been proposed. Traditional metrics such as
SUV and tumor size are not always adequate in metabolic imaging with 18F-FDG
PET / CT due to the therapeutic effect of immunotherapy. PECRIT, PERCIMT,
imPERCIST, and iPERCIST are a few of the immunotherapy response assessment
criteria. The RECIST working group created a modified criteria known as iRE-
CIST to assess tumor response to immunotherapy regimens. Using FDG PET/CT
scans taken at baseline and eight weeks after the start of immunotherapy, iPER-
CIST combines aspects from the iRECIST and PERCIST criteria. Patients identi-
fied as responders showed considerably superior survival than nonresponders
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using the iPERSIST criteria (90% survival vs 11% at 1 year), with SULpeak serving
as the primary FDG indicator (41). One of the main issues of checkpoint inhibi-
tors is inflammatory responses due to the recruitment of neutrophils and macro-
phages, which in turn activate T lymphocytes at the tumor site. As a result,
18F-FDG PET/CT cannot be regarded as a specific imaging modality. Recent
imaging techniques, such as Immuno-PET, which combine radioactive elements
with monoclonal antibodies, may be helpful in determining the response assess-
ment in these cases (42).

18F-FDG PET/CT plays a role in the diagnosis of immunotherapy-related
inflammatory side effects. As some of the adverse effects are easily identifiable by
CT (such as pneumonitis and colitis) and others by PET, it is crucial to empha-
size the significance of combined hybrid imaging in the detection of these
adverse effects (i.e., hypophysitis, thyroiditis, and diffuse pancreatitis).
Additionally, accurate documentation of these findings in 18F-FDG-PET/CT
reports is crucial because the patients may be asymptomatic in the initial phases
of inflammation (43).

Role in follow-up and surveillance

Routine surveillance PET scans are not recommended in the long-term follow-up
of patients treated with definitive therapy for NSCLC (23). However, 18F-FDG
PET/CT could be useful in identifying true malignant relapse and offering prog-
nostic information. When possible, pathological examination should be used to
confirm PET-positive regions because benign diseases like inflammation and
fibrosis can show hypermetabolic activity. In the context of previous stereotactic
body radiation therapy (SBRT), higher SUVs on scans obtained more than
6 months after treatment have been shown to be associated with a higher local
recurrence rate (44).

Challenges and pitfalls

Although 18F-FDG PET/CT has been shown to be useful in the evaluation of lung
cancer, it has certain limitations. Inflammatory lung pathologies can produce
false positive results. Despite the proven usefulness of 18F-FDG PET/CT in deter-
mining therapeutic response, caution must be exercised when measuring uptake
during or immediately after treatment. Radiation therapy has been shown to trig-
ger inflammatory reactions that are extremely FDG avid. Increased 18F-FDG
PET/CT activity can be seen at tumor locations even after successful treatment for
many weeks after chemotherapy and for several months after radiation.

Although rare, false negative 18F-FDG PET/CT results are also possible. PET
sensitivity of PET is diminished in small lesions. According to a phantom investi-
gation, nodules smaller than 0.7 cm in diameter are unlikely to be identified due
to respiratory movements during imaging or partial volume effects caused by
the scan’s poor resolution (45). False negative 18F-FDG PET/CT results have also
been demonstrated in individuals with high serum glucose levels and low-
metabolism neoplasms, including primary lung carcinoids and bronchoalveolar
cell carcinomas (46).
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One of the drawbacks of SUVmax in response evaluation is that it does not
take into account the anatomical distribution of metabolic activity. Furthermore,
studies have shown that the SUVmax cutoff value used to distinguish between
favorable and unfavorable prognosis is quite wide, ranging from 2.4 to 20 due to
different factors, such as uptake time, patient obesity, blood glucose level, image
noise, and technical issues (47).

Role of PET/MRI in lung cancer imaging

High soft tissue contrast and the ability to multiparametric tissue characterization
through diffusion-weighted and dynamic contrast-enhanced sequences make
MRI an attractive tool for whole-body cancer staging. Based on the known
discrepancies between CT and MRI, it is believed that small lung nodules may be
more difficult to see on PET/MRI than on PET / CT.

Compared to PET/CT, PET/MRI did not offer any improvements in the T
and N-staging of lung cancer. The detection sensitivity of FDG-avid lung nod-
ules and nodules larger than 10 mm was equivalent on PET / MRI and PET/CT,
whereas PET/CT had a greater detection rate of non-FDG-avid lung nodules
smaller than 5 mm. PET/MRI still has a lower overall detection rate for lung
nodules in various types of cancer than PET/CT (48). On the other hand, lung
cancer has a propensity to spread to the brain, adrenal glands, and bone mar-
row, where MRI can find metastases that PET/CT miss and is more accurate
than CT. Furthermore, MRI has an advantage over CT in terms of reduced
exposure to ionizing radiation, especially when repeat exams are necessary for
patient management. With the development of faster and newer sequences that
provide whole body imaging, as well as functional imaging sequences such as
magnetic resonance spectroscopy (MRS), perfusion-weighted imaging (PWI)
and diffusion-weighted imaging (DWI), MRI has also advanced in its ability to
characterize disease. In terms of tumor definition and characterization, com-
bined PET/MRI may be especially helpful for planning radiation treatment.
Using diffusion-weighted imaging during PET/MRI may boost diagnostic
confidence in the ability to distinguish recurrent disease from post-treatment
changes (48).

Novel PET radiopharmaceuticals in lung cancers

The preferred imaging modality for the staging and planning of lung cancer is
18F-FDG PET/CT. However, the diagnostic performance of 18F-FDG can be
limited in some patients in distinguishing between inflammatory and malignant
lesions and evaluating tumor uptake in organs with high physiological uptake
of FDG. Therefore, the need for additional radiopharmaceuticals with more
specific uptake in malignant cells is desirable. Various molecular imaging agents
are being evaluated to assess the management of lung cancer (40, 49-51)
(Table 2). These molecular imaging agents may provide additional biological
details about tumors and metastases, representing a significant step towards
individualized cancer diagnosis and treatment.
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TABLE 2 Molecular imaging agents in lung cancer
Target Molecular Imaging Agents Advantages
Metabolism [18F]fluoropropyl-L-glutamate For diagnostic use; similar to
F18 FDG (40)
Proliferation Thymidine analogue High specificity, especially useful
[18F|FLT PET/CT in relapse evaluation
Amino acid analogue Has high specificity, role in
D-[18F]Fluoromethyltyrosine (D-FMT) prognostic assessment
[F18F-alpha-methyltyrosine (FAMT)
Choline Useful in targeting localized
Cholinefluoromethyl-(1,2-2H4)- radiotherapy
choline(D4-FCH)
Angiogenesis RGD-based agents labelled with 68Ga Has high specificity for
or 18F lymph nodes (49);
Helpful in selecting patients for
antiangiogenic treatment
Hypoxia [18F]Fluoromisonidazole (FMISO) Useful for assessing prognosis
[18F]Fluoroazomycin arabinoside (FAZA) as high uptake is associated
) . with poor prognosis (50);
Copper (ID-diacetyl-bis(A/4- being evaluated for use in
methylthiosemicarbazone) (ATSM) RT planning
Tumor [68Ga] Fibroblast activating protein Has great diagnostic potential;
Microenvironment inhibitor (FAPI) faster imaging protocol
compared to F18 FDG; normal
organ uptake is lower; tumor
uptake is equivalent to or
higher (51)
[68Ga]Pentixafor Needs further research and
investigation
Others Many treatment-specific tracers Potential to assess treatment

response and histology

F18 FDG-PET/CT radiomics and artificial intelligence in lung cancer

Clinical evaluation of 18F-FDG PET/CT images is performed visually and semi-
quantitatively. Still, some of the characteristics of the lesions and surrounding
tissues adjacent to the lesions are not easily visible in images and are hard to
estimate using the software in current use. Many research studies have
investigated the utility of radiomics in various aspects of NSCLC. To create more
precise predictive models, machine learning (ML) and artificial intelligence (AI)

are used.
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Artificial intelligence-assisted reconstructions are an extension of iterative
reconstruction that applies noise reduction in post-processing to improve image
quality. In addition to blur reduction and automatic image capture protocol
customization based on patient anatomy, machine learning is also used in image
acquisition to minimize noise and correct respiratory motion. Efforts are being
made to develop an Al-Augmented Response Assessment system using a futur-
istic software product that merges a DICOM viewer (or plugs into an existing
PACS product) and several unrelated machine learning technologies
(52). Radiomics and Al are increasingly investigated in NSCLC in recent years
to improve the diagnostic performance of F18 FDG-PET/CT in lung cancer for
individualized disease management in different clinical scenarios, such as early
diagnosis, staging, prognostication, noninvasive evaluation of biomarkers and
response assessment.

In summary, F18-FDG PET/CT is a vital tool in the diagnosis, staging, and
assessment of the therapeutic response in lung cancer. The advantages of F18-
FDG PET over invasive and surgical lung cancer assessment and anatomic imag-
ing modalities have already been shown to change the management plans of many
lung cancer patients, despite its limitations. Rapid technological advancements in
PET, such as the development of integrated PET/CT scanners and research with
novel PET radiopharmaceuticals, will help keep PET at the forefront of lung can-
cer imaging in the future.

PLEURAL TUMORS

Mesothelioma is the most common primary tumor of the pleura. The median
survival time for malignant pleural mesothelioma is typically less than 12
months in most series (53). Other pleural tumors are uncommon; less than 5%
of pleural tumors are solitary fibrous tumors of the pleura (54). Both pleural
lipoma and pleural liposarcoma are uncommon cancers. Intensity-modulated
radiation, chemotherapy, surgical debulking or decortication, and immuno-
therapy are some of the multimodal therapeutic regimens used to treat malig-
nant pleural diseases (55).

The use of 18F-FDG PET/CT is beneficial in the treatment of many solid
human tumors because it can help determine whether a pleural lesion is benign
or malignant, primary or metastatic, localized or disseminated, and can also help
determine prognosis and evaluation of therapy (56)

Malignant pleural mesothelioma

Malignant mesothelioma is an invasive cancer and has a well-established link
to asbestos exposure. Due to the nonspecific presenting symptoms and relative
rarity of malignant mesothelioma compared to other conditions of the chest,
it may take two to three months to make a diagnosis of malignant mesotheli-
oma after the development of symptoms (most frequently dyspnea or chest
wall pain) (57). Malignant pleural mesothelioma has three primary histologic
subtypes: epithelioid, biphasic or mixed, and sarcomatoid (58). The clinical



Sivathapandi T et al.

characteristics of various histological subtypes of malignant pleural mesothe-
lioma vary. Compared to the epithelioid type, the non-epithelioid types have
a worse prognosis (59). For adult symptomatic patients who are not eligible
for surgery or as a supplement to surgery, current recommendations allow
chemotherapy with pemetrexed and cisplatin. After diagnosis, the median
survival time for those with malignant pleural mesothelioma is still 7 to 10
months (60).

Imaging of malignant pleural mesothelioma

Malignant pleural mesothelioma has a propensity to infiltrate locally along tis-
sue planes, making imaging of the disease difficult. Initial abnormalities are
frequently found by identifying a region of pleural thickening using imaging
techniques such as chest radiography and CT. Additional benign lesions, such
as pleural plaques, benign asbestos-related pleural effusions, and diffuse pleural
thickening, may develop after previous asbestos exposure. The primary imaging
method for malignant pleural mesothelioma has been contrast-enhanced chest
CT, although it has limitations in terms of determining the extent of local inva-
sion and separating benign from malignant soft tissue abnormalities. The soft
tissue contrast resolution of MRI is preferable for determining the anatomic
extent of the main tumor but may have limitations for detecting localized or
distant metastases.

Due to their low sensitivity (normal-sized nodes can contain microscopic
metastases) and low specificity (enlarged lymph nodes may be reactive), CT and
MRI cannot be used to accurately determine lymph node staging (61). For effec-
tive care of malignant pleural mesothelioma, early diagnosis and thorough staging
are essential. In a randomized experiment involving 43 patients with mesotheli-
oma, those who received early therapy had better survival rates than those who
had delayed treatment (62). Accurate staging and therapy response monitoring
are crucial in selecting the treatment protocol given the development of novel
treatments and multimodal treatment alternatives.

Role of FDG PET/CT in the imaging of malignant pleural
mesothelioma

A unilateral circumferential or nearly circumferential pleural and fissural
thickening with FDG avidity and SUV value more than 2.0-2.2 is a typical
18F-FDG PET/CT observation in malignant pleural mesothelioma (63). Using
a SUV max cutoff value of 2.0, Bénard et al. (63) showed that benign from
malignant diseases could be distinguished with a sensitivity of 91% and a
specificity of 100%. Another study with 83 patients found that combined 18F-
FDG PET/CT had 100% sensitivity, 94.8% specificity and 97.5% accuracy in
detecting malignant disease, supported by histopathologic testing (64). The
findings were confirmed by recent research of individuals exposed to asbestos,
which showed that malignant benign pleural disease could be distinguished by
18F-FDG PET/CT with a sensitivity of 94% and specificity of 100% using an
SUV cutoff value of 2.2 (65).
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Staging of malignant pleura mesothelioma

When choosing patients for aggressive surgical procedures and multimodal ther-
apy, staging is crucial. Imaging has played an essential role in detecting incurable
disease and preventing unnecessary surgery. This includes determining if a
tumor is T3 (resectable) or T4 (unresectable), as well as determining whether a
N3 node or distant metastases are present. 18F-FDG PET/CT has been shown to
be superior to other imaging modalities in the detection of metastases from
malignant pleural mesothelioma (66). Patients who underwent extrapleural
pneumonectomy in conjunction with adjuvant chemotherapy and radiation in a
study by Sugarbaker et al. (67) had a significantly better prognosis than patients
who underwent multimodal imaging with positive regional lymph nodes. A pro-
spective trial by Erasmus et al. (68), 18F-FDG PET/CT identified locally pro-
gressed tumor and extrathoracic metastases not seen on conventional imaging,
preventing surgery in 41% of patients. For the assessment of the categories T4
and N2/N3, PET/CT has likewise demonstrated superior accuracy over medias-
tinoscopy (69).

Therapy planning and response monitoring

The irregular morphology and asymmetric development pattern of malignant
pleural mesotheliomas make it challenging to measure tumor burden on ana-
tomic imaging, and 18F-FDG PET/CT is increasingly being used for therapy
planning and response evaluation. Another useful tool for treatment planning
and monitoring outcome in patients receiving radiation therapy is the FDG-
avid tumor volume. In retrospective research by Pehlivan et al. (70), 12 of 13
patients exhibited a statistically significant decrease in mean gross tumor vol-
ume when the delineation was performed using a PET/CT scanner as opposed
to a CT scanner. This led to significant reductions in both the planning target
volume, which includes an additional margin to ensure that the desired dose
can be delivered to the clinical target volume; the clinical target volume was
equal to gross tumor volume plus a margin intended to treat subclinical or
microscopic disease.

It has been shown that 18F-FDG PET/CT can identify therapeutic response
before morphological changes are discernible on CT. Studies have revealed
that, in contrast to CT evaluations showing stable illness, a decrease in PET
uptake compared to pretreatment values suggests that chemotherapy has had
an effect (71).

Solitary fibrous tumor of the pleura

Less than 5% of all pleural tumors are solitary fibrous tumors. These tumors are
typically smooth, spherical, and occasionally pedunculated tumors that most fre-
quently arise from the visceral pleura (72). These tumors often progress benignly,
although they can develop malignant or sarcomatous degeneration.

Solitary fibrous tumors, unlike malignant pleural mesothelioma, have a similar
prevalence in men and women and are not associated with asbestos exposure. The
most frequent presentation is an incidental recognition of an asymptomatic mass.
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The preferred method of treating a malignant solitary fibrous tumor of the pleura
is still surgical excision. In about 30% of cases, relapse can occur. Long-term
survival is adversely affected by incomplete resection and malignant pleural
effusion at diagnosis (73).

Imaging of solitary fibrous tumor of the pleura

The preferred test for a single pleural fibrous tumor is a thoracic CT. A solitary
fibrous tumor’s CT findings depend on its size; smaller masses are frequently
rounded, well-circumscribed, and homogenously enhanced following IV con-
trast injection. Larger tumors may exhibit heterogeneous enhancement and
calcification in certain locations. There are no pathognomonic CT characteristics
that indicate malignancy, despite the greater prevalence of low-attenuation
regions within malignant solitary fibrous tumors. High resolution MRIs can
highlight the fibrous nature of the lesion and help to distinguish the tumor from
nearby structures. CT and MRI are equally effective in detecting a single pleural
fibrous tumor (74).

The distinction between benign and malignant solitary fibrous tumors can
affect how patients are managed since some centers utilize a policy of careful
waiting for benign lesions. In distinguishing benign from malignant fibrous
pleural illness, PET has demonstrated remarkable accuracy. Preoperative
18F-FDG PET/CT can also be utilized to locate distant metastases and sched-
ule surgery.

Pleural lipoma or liposarcoma

Like other liposarcomas, pleural liposarcomas are formed from remnants of primi-
tive mesenchymal tissue. Older males are more likely to develop primary pleural
liposarcoma, and the myxoid histologic subtype is the most prevalent (75). To
differentiate primary pleural sarcoma from mediastinal sarcomas or metastases
from other sites, imaging is essential. When a liposarcoma invades nearby inter-
costal muscles, it may cause pain or soft tissue edema (72). A well-defined lobu-
lated mass with irregular edges or diffuse fatty masses with scattered foci of soft
tissue density are typical CT findings of liposarcoma; the degree of contrast
enhancement heterogeneity increases with the amount of myxoid material (76).
By showing the attenuation or signal properties of macroscopic fat, CT and MRI
can both confirm this diagnosis.

Pleural metastases

The most common type of pleural cancer involves metastatic pleural involvement.
Bronchogenic carcinoma (40%), breast cancer (20%), lymphoma (10%), and
gastrointestinal and genitourinary malignancies are the most common underlying
primary diseases (77). The preferred imaging technique for monitoring patients
who have received treatment for lung cancer is CT. Both pleural effusion and dry
pleural dissemination, such as tiny nodules along the costal, mediastinal, or
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diaphragmatic pleural surfaces and nodules or irregular thickening in fissures, are
CT findings of pleural involvement of lung cancer. PET has been shown to have a
sensitivity of 88-100% and a specificity of 67-94% for detecting malignant
pleural effusion or other metastases in patients with NSCLC (78). When the
contrast-enhanced CT finding is indeterminate, 18F-FDG-PET/CT has been
shown to have sensitivity and specificity close to 100% in the diagnosis of pleural
dissemination of lung adenocarcinoma (79).

Pitfalls of PET/CT pleural imaging

It is essential to be aware of the potential challenges associated with 18F-FDG
PET/CT when evaluating pleural illness to prevent misdiagnosis. Pleural thicken-
ing can be seen in infectious pulmonary processes, including pneumonia and
pleuritis, that have moderate to severe FDG avidity. Therefore, collecting clinical
history that may point to an infection as well as previous imaging studies is vital.
In individuals with lung cancer, pleural empyema has been documented as a
false-positive mimic of pleural metastases. FDG uptake and pleural thickening
may be related to inflammatory changes after talc pleurodesis, however, hyper-
density on CT scans suggests the cause (80). While FDG activity may continue
or increase for several years after pleurodesis, CT changes of pleural thickening
stabilize 5 months after pleurodesis (81). In addition to these difficulties, it can
be challenging to distinguish malignancies with limited metabolic uptake, such
as epithelial mesothelioma.

CONCLUSION

In addition to anatomical imaging of lung and pleural malignancies, 18F-FDG
PET/CT provides special functional information. This approach has shown prom-
ise in helping to stage, monitor therapy response, and prognosis evaluation. 18F-
FDG PET/CT has become increasingly important in the management of lung and
pleural malignancies. Despite conflicting reports on the prognostic significance of
SUV max, increasing evidence indicates the significance of volume-based PET
parameters, such as metabolic tumor volume and total lesion glycolysis, in assess-
ment of prognosis.
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