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Introduction

Since the early 2000’s, there have been many advancements 
in nuclear medicine which have become applicable to 
diagnosis and treatment of thoracic disorders. The most 
established application is positron emission tomography 
(PET). There is a broad base of evidence supporting the 

use of 18F-flurodeoxyglucose (FDG) PET combined with 
computed tomography (CT) (PET/CT) for evaluation of 
solitary pulmonary nodules and in the staging and follow 
up in patients with bronchogenic carcinoma. More recently, 
hybrid PET/MRI has shown promise in applications within 
these same diseases. At the same time, there has been 
development of novel radiotracers, chiefly those which 
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target the somatostatin receptor, most commonly 68Ga-
DOTATATE, which have revolutionized not only the 
imaging diagnosis in patients with neuroendocrine tumors 
such as bronchial carcinoid, but offer novel therapeutic 
options via targeted molecular therapies such as 177Lu-
DOTATATE. The goal of this article is to provide an 
overview of current and emerging PET applications in 
thoracic neoplasms.

18F-FDG PET/CT

18F-FDG is a glucose analog that once taken up within 
a cell, is trapped within the cell and used as a surrogate 
marker for glucose metabolism. Glucose metabolism can 
be seen in a wide variety of situations including normal 
physiology, but can be increased in pathologic states such 
as infection or neoplasm. Initially developed in the early 
2000’s, FDG PET/CT exam volumes have increased 
considerably over time, and these studies now comprise a 
cornerstone of oncologic imaging. Oncologic applications 
of 18F-FDG PET/CT include the evaluation of pulmonary 
nodules and the diagnosis and staging of bronchogenic 
carcinoma.

Pulmonary nodules

Pulmonary nodules are a frequent incidental finding 
when imaging the chest. Older literature estimates that 
there are 150,000 new pulmonary nodules detected per 
year in the United States, although this number has likely 
increased given increased usage of CT (1). The first 

approved indication for 18F-FDG PET/CT was for the 
characterization of solitary pulmonary nodules (2-5). A 
solitary pulmonary nodule (SPN) is defined as a round, 
solid, non-calcified lung lesion measuring <30 mm in mean 
diameter (6). Pulmonary nodules can be characterized as 
either solid or subsolid.

Solid pulmonary nodule
One of the most important factors for the evaluation of 
pulmonary nodules with 18F-FDG PET/CT is size. The 
spatial resolution of PET limits the evaluation pulmonary 
nodules less than 10 mm with older technology, such as a 
two-dimensional (2D) acquisition. Under this size, SUV 
can underestimate the true nodule metabolism, decreasing 
the negative predictive value (NPV). Advancements in 
PET imaging such as newer 3D and time-of-flight (TOF) 
acquisitions are now routine at most institutions; improving 
the NPV of small nodules and helping the characterization 
of nodules as small as 7–8 mm (7,8). 

The definition of an 18F-FDG PET positive solid 
pulmonary nodule has changed throughout the years. The 
previously described SUV max “cut off” of 2.5 is no longer 
recommended (9). It is now recommended to correlate to 
internal controls with a SUV max less than blood pool being 
very likely benign. The accuracy of 18F-FDG PET/CT has 
proven to be to quite exceptional. In a recent meta-analysis 
reviewing 44 studies and over 2,800 nodules, the sensitivity 
was 95%, specificity 82%, PPV 91%, and NPV 90% (10). 
An example of FDG PET/CT used in the evaluation of a 
solitary pulmonary nodule is shown in Figure 1.

False positives for FDG avid SPN mainly include 

BA

Figure 1 A 74-year-old man found to have a pulmonary nodule at chest radiograph (not shown). Axial CT image (A) shows a nodule in 
the right upper lobe with indistinct margins. Fused axial images from 18F-FDG PET/CT (B) show marked FDG uptake within this lesion, 
highly suspicious for carcinoma. The lesion ultimately underwent biopsy, confirming lung adenocarcinoma.
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Figure 2 A 78-year-old female with a right lower lobe pulmonary nodule, incidentally seen on CT to assess aortic dissection repair, 
was further characterized with FDG PET/CT (A). Axial CT (B) and PET (C) images demonstrate a mildly FDG avid right lower lobe 
pulmonary nodule (arrowheads, SUVmax 2.2) and markedly FDG avid right hilar lymphadenopathy (SUVmax 13.6). Discordant degree 
of uptake within the nodule versus the draining lymphadenopathy is most consistent with an infectious etiology, specifically chronic fungal 
infection (so called “flip-flop-fungus” sign). Serological evaluation was positive for histoplasmosis.

granulomatous processes (11). These can be broken down 
into infectious or inflammatory etiologies. Infectious 
diseases include bacterial, mycobacterial, and fungal 
diseases. The prototypical infection is histoplasmosis. 
Helpful discriminatory factors can include the so called 
Flip-Flop Fungus sign (Figure 2). In fungal infections, 
the FDG avidity of the SPN is less than the mediastinal/
h i lar  lymphadenopathy.  The oppos i te  i s  t rue  in 
malignancy, where the FDG avidity of the SPN is typically 
greater than the FDG avidity of the mediastinal/hilar  
lymphadenopathy (12). 

Inflammatory processes that can have FDG avid SPNs 
include sarcoidosis, granulomatosis with polyangiitis, 
organizing pneumonia (Figure 3), or rheumatoid nodules. 
Helpful discriminatory factors are non-specific, but can 
include fluctuations in growth or a waxing and waning 
nature over time (13).

False negatives of SPN are also possible. This occurs in 
the setting of a malignancy that does not have increased 

glucose metabolism. The most well-known example 
is of carcinoid tumor, with a false negative rate of  
85% (14).  Consideration of alternative diagnoses 
and further evaluation with other tests such as 68Ga 
DOTATATE which will be described later should be 
considered in order to avoid false negative diagnoses. 
Additionally, metastatic disease from mucinous origins also 
generally have lower FDG uptake (15).

Subsolid pulmonary nodules
A pulmonary nodule that is not homogenous soft tissue 
attenuation is referred to as a subsolid pulmonary nodule. 
Subsolid pulmonary nodules pose many challenges for 
PET imagining associated with technical factors of 
image acquisition which can result in a perceived or 
quantitative decrease in FDG uptake (16). While a subsolid 
pulmonary nodule may be the manifestation of infectious 
or inflammatory etiologies, minimal and noninvasive 
adenocarcinoma lesions may also have this appearance. 
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Figure 3 A 69-year-old man with a previous metastatic malignancy with enlarging right lower lobe pulmonary nodule (A). Fused axial 
images from 18F-FDG PET/CT (B) demonstrate minimal FDG uptake. The pulmonary nodule was biopsied and was negative for 
malignancy but was consistent for focal organizing pneumonia.

Figure 4 A 68-year-old man with metastatic squamous cell 
carcinoma presents for restaging. Axial fused 18F-FDG PET/CT 
demonstrates an FDG avid right middle lobe primary tumor and a 
large left pleural effusion without uptake. Laboratory testing of the 
thoracentesis was negative for malignancy.

Subsolid pulmonary nodules can be further classified 
as pure ground glass nodule or a part solid nodule. A pure 
ground glass nodule is defined as hazy increased attenuation 
in the lung that does not obliterate the bronchial or 
vascular margins. A part solid nodule consists of both pure 
ground glass and solid soft tissue attenuation (6). The 
utility of PET/CT in subsolid nodules was investigated 
by Chun et al. in 2008. This study demonstrated perhaps 
counterintuitively that in part solid nodules, the SUVmax 
was significantly higher in inflammatory lesions compared 
to malignant tumors. A threshold-value SUVmax of 1.2 
predicted malignancy with sensitivity, specificity, accuracy, 
PPV and NPV of 62.1%, 80.0%, 70.4%, 78.3% and 
64.5%, respectively. Furthermore, above an SUV max of 

2.6, all lesions were inflammatory. For pure ground glass 
nodules, there was no statistical differences in SUV max 
between inflammation and malignancy (17). Ultimately, 
differentiation between infectious/inflammatory subsolid 
nodules and adenocarcinoma spectrum lesions remains 
challenging and may serve as a future area of investigation.

Bronchogenic carcinoma

Bronchogenic carcinomas are traditionally characterized as 
either non-small cell lung cancer (NSCLC) or small cell lung 
cancer (SCLC). While all types of bronchogenic carcinoma 
are typically FDG avid (Figures 4,5), malignancies along the 
adenocarcinoma spectrum can be variable in their uptake.

Lung adenocarcinoma can have multiple imaging 
appearances including solid, pure ground glass, and part 
solid nodules. The solid type usually presents as a SPN 
where 18F-FDG PET/CT can be helpful as previously 
described. In the case of ground glass nodules, PET/CT 
is usually not as helpful in primary lesion characterization. 
FDG avid ground glass nodules are often infectious or 
inflammatory, but non FDG avid ground glass nodules 
could still represent adenocarcinoma. In the case of part 
solid lesions, PET/CT may have utility for the detection of 
FDG uptake in the solid component. 

The utility of 18F-FDG PET/CT in bronchogenic 
carcinoma can be separated into staging, prognosis, and 
post treatment imaging. 

NSCLC staging
NSCLC staging with 18F-FDG PET/CT is a widely 
supported practice, endorsed by multiple organizations 
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inc lud ing  the  Nat iona l  Comprehens ive  Cancer 
Network (NCCN), the American College of Radiology 
Appropriateness Criteria, the Society of Nuclear Medicine 
and Molecular Imaging, and the American College of 
Chest Physicians (18-20). NSCLC staging is based on the 
TNM staging criteria. Overall, the addition of PET/CT in 
lung cancer staging can affect the final lung cancer stage, 
with studies showing the addition of PET/CT may lead 
to upstaging in 6.4–41.1% of patients and downstaging in 
9.5–12.3% of patients (21,22).

NSCLC T staging
Lung cancer T staging describes the tumor size and invasive 
features and is separated into four categories, T1–T4 (23). 
Specific PET imaging characteristics are listed for each 
(Table 1).

NSCLC N staging
The N staging is used to classify lymph node involvement 
and is separated into three categories N1–N3. N1 nodes 

include ipsilateral intrapulmonary, peribronchial, and hilar 
lymph nodes. N2 nodes include ipsilateral mediastinal or 
subcarinal lymph nodes. N3 nodes include contralateral 
hilar or mediastinal lymph nodes, ipsilateral or contralateral 
scalene nodes, and supraclavicular lymph nodes. A positive 
lymph node is defined as a SUV max greater than the SUV 
max of the mediastinal blood pool.

Lung cancer N staging is where the utility of PET/
CT has excelled due to limitations of conventional CT 
imaging. While conventional imaging can accurately 
demonstrate lymph node size, PET/CT can also image 
metabolic differences within a lymph node (Figure 6). In a 
study by Gould et al. in 2003, nodal metastases detection 
by conventional CT had sensitivity of 61% and specificity 
of 79%. With PET/CT, this was improved to a sensitivity 
of 85% and a specificity of 90% (24). These results were 
later confirmed in a 2013 meta-analysis of 56 studies with 
pooled FDG PET/CT sensitivities and specificities of 72% 
and 91% respectfully in determining mediastinal nodal 
staging. The value of this improved detection has a direct 
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Figure 5 A 74-year-old male presenting with shortness of breath and fatigue. MIP reconstruction from FDG PET (A) shows a large FDG 
avid left small cell lung cancer with numerous additional foci of abnormal uptake throughout the body. Fused axial PET/CT images reveal 
that bilateral hilar lymph nodes (B), vertebral body (C), liver (D), and the adrenals (E) have metastatic disease.
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Table 1 T category, based on size and degree of invasion

T category Size Invasion PET utility

T1 0 to  
≤3 cm

Minimally invasive FDG PET/CT may be of limited benefit for detecting these 
smaller lesions below 7–8 mm, especially if the lesion is subsolid

T2 >3 to  
≤5 cm

Invasion of the main bronchus, visceral 
pleura, atelectasis, or obstructive 
pneumonitis

FDG PET/CT may play an important role in this category, as it is 
superior to conventional CT in differentiating between tumor and 
post obstructive atelectasis; while atelectasis is more FDG avid 
than normal aerated lung, atelectasis is less FDG avid than tumor

T3 >5 to  
≤7 cm

Invasion of the chest wall, phrenic nerve, 
and parietal pericardium; a tumor nodule 
in the same lobe as the primary tumor

FDG PET/CT may be beneficial in detecting additional pulmonary 
nodules; one important consideration, in this category is that 
FDG PET/CT is suboptimal to assess chest wall invasion due to 
blooming artifact, which may overestimate chest wall invasion; 
however, PET/MRI may be useful

T4 >7 cm Invasion of the diaphragm, mediastinum, 
carina, trachea, heart, great vessels, 
recurrent laryngeal nerve, esophagus, or 
vertebral body; T4 disease also includes 
a tumor nodule in a different ipsilateral 
lobe

FDG PET/CT may be helpful in detecting the additional nodules 
in a different ipsilateral lobe; an indirect finding that implies 
recurrent laryngeal nerve involvement includes increased FDG 
uptake in the contralateral vocal cord, due to compensatory 
increased activity of that cord

PET utility depends on T category.

A

C

B

D

Figure 6 A 74-year-old man status post right pneumonectomy for squamous cell carcinoma was imaged for surveillance. Axial CT (A) 
and fused FDG PET/CT (B) images show mild uptake in the left hilum (arrows). Follow-up scan obtained 4 months later demonstrated 
unchanged size (C) but interval increase FDG uptake in the hilar mass (D), suspicious for recurrent disease.
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Table 2 M category by location

M category Involvement PET utility

M1a Tumor nodule in contralateral lung; tumor with pleural or 
pericardial nodules or malignant pleural or pericardial effusion

Features of a malignant effusion include diffuse uptake 
above blood pool or rim increased FDG uptake

M1b Solitary single-organ extrathoracic metastasis Whole body imaging

M1c Multiple extrathoracic metastases in one or multiple organs Whole body imaging

PET is particularly useful in the evaluation of distant metastases.

impact on patient care. In the findings of a prospective 
multicenter trial in 2015, management strategies changed 
in approximately 72% of cases of lung cancer when FDG 
PET/CT examinations were used (25).

NSCLC M staging
Utility of FDG-PET in lung cancer M staging is shown 
in Table 2. PET/CT is excellent for detecting distant 
metastases, including metastases in the contralateral lung 
(Figure 7). In a recent meta-analysis, the sensitivity, and 
specificity of 18FDG PET/CT for all distant metastasis 
was 93% and 96% respectively (26). Bone metastases were 
detected with a sensitivity of 90% and specificity of 98% (27).  
PET/CT is very helpful for adrenal metastases with a 

sensitivity of 93% and specificity of 90% (28). PET/
CT is also excellent for liver metastases, however, this is 
less well studied. The major weakness of PET/CT in the 
setting of M disease is for the evaluation of brain metastases 
due to the high background normal brain activity (24). 
However, brain metastases can occasionally be detected  
(Figure 8), appearing as either as relatively hypermetabolic or 
hypometabolic foci.

False positive
While the diagnostic accuracy of PET is quite good, 
reaching up to 93.5%, this still leaves a 6.5% false positive 
rate (29). The most common causes of false positives are 
due to inflammatory psuedotumor and tuberculosis. False 
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Figure 7 A 74-year-old woman with biopsy proven left lower lobe bronchogenic carcinoma. Index lesion is shown on axial CT image (A) 
with increased FDG uptake (B). Smaller right upper lobe pulmonary nodule (arrows) on axial CT (C) also demonstrates mild increased 
FDG uptake (D). This nodule was biopsied and confirmed to represent metastatic deposit.
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Figure 8 A 73-year-old female presenting for initial staging of NSCL demonstrating the utility of FDG PET/CT. MIP reconstruction (A) 
demonstrates widespread metastatic disease. Axial fused PET/CT images show: hypermetabolic right brain metastasis (B), hypermetabolic 
primary right upper lobe malignancy (C), right pleural metastasis (D) and right iliac bone metastasis (E).

positives are more likely in the elderly, diabetics, and were 
associated with increased interleukin-6 (IL-6) levels, or 
positive T-spot tuberculosis tests (29).

False negative
False-negative findings at PET can be the result of a small 
nodule size, low cellular density in lesions or low tumor 
avidity for FDG. Common false negative histologies 
included minimal to noninvasive adenocarcinomas  
(Figure 9), mucinous adenocarcinomas, lymphoma, and 
carcinoid tumor (15,30,31). The most important radiologic 
factor for risk assessment is lesion stability versus change 

over serial imaging (25). In solitary pulmonary nodules that 
demonstrate negative findings at PET, serial CT follow-up 
imaging may be performed in a patient with a low pretest 
likelihood of malignancy. In a patient with a high pretest 
likelihood of malignancy, tissue sampling or resection 
should be considered (32).

SCLC 

SCLC has traditionally been staged via the Veterans 
Administration Lung Study Group (VALSG) 2-stage 
classification scheme: limited-stage (LS-SCLC) or 
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Figure 9 A 58-year-old female with incidentally discovered right middle lobe pulmonary nodule found on a CTA of the chest performed to 
evaluate for pulmonary embolus. Follow up CT 1 month later showed that the nodule remained, therefore FDG PET/CT was obtained (A). 
The pulmonary nodule (B) demonstrated low-level FDG uptake (C), and an FDG avid right mediastinal lymph node (D) was also noted. 
Given relative discrepancy with greater uptake in the lymph node than in the nodule, this was initially favored to represent granulomatous 
inflammation rather than malignancy, however, biopsy of the lymph node revealed metastatic lung adenocarcinoma. 

Extensive-stage (ES-SCLC). Recently, the IASLC 
proposed  tha t  the  newly  r ev i s ed  TNM s tag ing 
classification for lung cancer should replace the VALSG 
system for SCLC (33).

Findings at FDG PET/CT can lead to a change in 
initial management in up to 27% of patients with SCLC, 
and a change in overall disease stage in 32% of patients. In 
addition, the radiation field can be modified in up to 68% 
of patients due to overall improved characterization of 
intrathoracic disease (34-37).

Bronchogenic carcinoma prognosis
While PET/CT is a valuable resource in defining 
bronchogenic carcinoma anatomically with regards to TNM 
staging, it also holds important prognostic information in a 
variety of quantifiable PET parameters. SUV max measures 
only the highest SUV measurement in a single voxel within 
a region of interest. Studies have shown that SUV max alone 
does not significantly correlate with survival outcomes, 
particularly with SCLC (38,39). Additional parameters that 
can predict lung cancer prognosis include metabolic tumor 
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volume (MTV) and total lesion glycolysis (TLG). MTV 
is calculated using a fixed voxel-based SUV threshold and 
sums all voxels with SUV values greater than or equal to the 
threshold. TLG is calculated by multiplying MTV by the 
mean SUV max. Recent studies have found that high MTV 
and high TLG were associated with a significantly poorer 
prognosis in NSLC and SCLC (40,41).

Bronchogenic carcinoma post treatment imagining
After curative treatment of bronchogenic carcinoma, 
surveillance imaging with CT is recommended every 
6 months for 2 years and annually after 2 years by the 
American Society of Clinical Oncology (42). Despite 
evidence of high diagnostic performance with improved 
sensitivity and specificity over CT for recurrence, PET/
CT is not recommended (43). Some of the cited reasons 
include increased cost and radiation exposure of PET/
CT (42). However, one recognized application of 
PET/CT post therapy includes the differentiation of 
tumor progression or radiation pneumonitis. Radiation 
pneumonitis may potentially be differentiated from 
residual or recurrent tumor mainly based off of pattern or 
FDG uptake. The three patterns of radiation pneumonitis 
described by Iravani et al. include subpleaural/patchy, 
diffuse, and peripheral (34). 

18F-FDG PET/MRI

Despite challenges in MR imaging of the chest due to low 
proton density and respiratory motion, 18F-FDG PET/MRI 
may still play a role in evaluation of a variety of thoracic 
disease processes (44). 

Pulmonary nodules

Current 18F-FDG PET/MRI techniques are highly sensitive 
for the detection for FDG-avid solid pulmonary nodules 
measuring as small as 5 mm (45). New approaches such as 
ultrashort echo time sequences (UTE) have been proposed 
to improve detection of smaller pulmonary nodules, but 
detection of nodules smaller than 5mm remains challenging 
(46,47).

Bronchogenic carcinoma

MRI provides greater tissue contrast resolution compared 
to CT, which may improve delineation of chest wall 
(Figure 10), diaphragm, or mediastinal invasion, which has 

implications for T-staging. 18F-FDG PET/MRI has been 
proven to have equivalently high diagnostic performance 
for T and N staging of NSCLC compared to 18F-FDG 
PET/CT (35). 18F-FDG PET/MRI may have greater 
sensitivity in detecting mediastinal lymph nodes, however, 
the clinical impact of different staging results has not been 
fully investigated (36). In terms of M-staging, MRI offers 
excellent characterization of common metastatic locations 
such as the adrenal glands, liver, and the brain, which is 
already a requirement for staging of advanced lung cancer. 
In this manner, exams can be tailored to combine the 
18F-FDG PET and MRI information in one examination, 
providing convenience for patients and referring providers. 

Neuroendocrine malignancy

Major str ides  have been made in the imaging of 
neuroendocrine tumors including bronchial carcinoid 
due to the development of PET radiotracers targeting 
somatostatin receptors. While bronchial carcinoid tumors 
typically have mild to moderate FDG uptake, the density 
of somatostatin receptors allows for high quality imaging 
using 68Ga DOTATATE as demonstrated in Figure 11 (14).  
Typically, carcinoid tumors will show low 18F-FDG 
avidity and high 68Ga DOTATATE avidity, however this 
is dependent on the degree of differentiation with more 
poorly differentiated tumors having greater FDG uptake 
and lower DOTATATE avidity (37). 

68Ga DOTATATE has been proven to be superior to 
previous forms of somatostatin receptor imagining, such as 

111In-pentetreotide (48). Meta-analysis of the sensitivity and 
specificity of 68Ga DOTATE for detecting neuroendocrine 
tumors including pulmonary carcinoid tumors measures 
93% and 91% respectively (49). The utility and superior 
imagining characteristics of 68Ga DOTATATE have led to 
change in management for up to 36% of patients (48).

One of the most exciting possibilities for neuroendocrine 
tumors is the role of peptide receptor radionuclide therapy 
(PRRT) with 177Lu DOTATATE. 177Lu DOTATATE 
contains  the same somatostat in receptor analog, 
DOTATATE, however instead of the 68Ga radionuclide 
used for diagnostic imaging, 177Lu is incorporated. The 
therapeutic agent binds to the cell surface somatostatin 
receptor and then undergoes β- radioactive decay, damaging 
DNA and resulting in cellular apoptosis. PRRT with 
177Lu DOTATATE for lung carcinoid tumor was not 
studied under the NETTER-1 trial of gastrointestinal 
neuroendocrine tumors, however, preliminary evidence 
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Figure 10 A 44-year-old female presenting with 30 lb weight loss and sharp upper left chest pain found to have a left upper lobes mass on 
chest radiograph (not shown). Staging FDG PET/MR without IV contrast was performed. MIP reconstruction (A) demonstrates an FDG 
avid Pancoast tumor with additional FDG avid left cervical and hilar lymph nodes. T1 weighted image with fat saturation (B), axial PET (C) 
and fused (D) images further delineate degree of mediastinal invasion.

Figure 11 A 56-year-old female found to have a left upper lobe nodule on Chest CT (not shown) performed to evaluate for shortness of 
breath. Axial fused FDG PET/CT (A) shows a left parahilar nodule with only low-grade uptake (SUVmax 1.7). Subsequently performed 
axial DOTATATE PET/CT image (B) demonstrates intense radiotracer uptake within the nodule (SUVmax 44.8). Histologic evaluation 
following surgical resection revealed a typical bronchial type carcinoid tumor.
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suggests similar efficacy and safety of PRRT in patients with 
pulmonary carcinoid tumor (50,51). 

Conclusions

Capitalizing on the strength of combining anatomic and 
physiological imaging, nuclear medicine, and specifically 
PET, serves a vital role in the evaluation of thoracic 
disorders, enhancing the care of patients. This invaluable 
clinical tool includes well-recognized applications such 
as in evaluation of pulmonary nodules and staging of 
bronchogenic carcinoma. Emerging technologies have 
found new roles in PET/MRI and 68Ga DOTATATE PET, 
as well as radionuclide therapy. 
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