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Abstract

Purpose of Review The main goal of the article is to familiarize the reader with commonly and uncommonly used nuclear
medicine procedures that can significantly contribute to improved patient care. The article presents examples of specific modality
utilization in the chest including assessment of lung ventilation and perfusion, imaging options for broad range of infectious and
inflammatory processes, and selected aspects of oncologic imaging. In addition, rapidly developing new techniques utilizing
molecular imaging are discussed.

Recent Findings The article describes nuclear medicine imaging modalities including gamma camera, SPECT, PET, and hybrid
imaging (SPECT/CT, PET/CT, and PET/MR) in the context of established and emerging clinical applications. Areas of potential
future development in nuclear medicine are discussed with emphasis on molecular imaging and implementation of new targeted
tracers used in diagnostics and therapeutics (theranostics).

Summary Nuclear medicine and molecular imaging provide many unique and novel options for the diagnosis and treatment of
pulmonary diseases. This article reviews current applications for nuclear medicine and molecular imaging and selected future
applications for radiopharmaceuticals and targeted molecular imaging techniques.

Keywords Lung scintigraphy - VQ scan - SPECT/CT in lungs - PET/CT in lungs - PET/MR in lungs - Chest infection imaging

Introduction

Imaging plays an important role in lung diseases and is often
complimentary to clinical assessment and testing. As opposed
to traditional radiography or computed tomography (CT)
which provides a static picture at a point in time, nuclear
medicine has the ability to visualize dynamic processes over
time. Importantly, this modality provides not only morpholog-
ic but also pathophysiologic information. This is very impor-
tant in the lungs, where different diseases may have the same
appearance on CT and more specific tests would be valuable.
Additionally, molecular imaging techniques can target and
track cells, molecules, or antigens over time, demonstrating
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dynamic cellular processes, for example, immune activation
and response.

Traditional nuclear medicine involves capturing gamma
rays on a 2-D planar gamma camera. Addition of SPECT
(single-photon emission computed tomography) results in im-
proved sensitivity and accuracy. Acquisition of both SPECT
and CT further improves accuracy and provides anatomic ref-
erence. PET (positron emission tomography) is now routinely
acquired with CT (PET/CT), and more recently, PET/MR has
become more available. The steady march of PET imaging
utilization has proven invaluable in numerous oncologic and
non-oncologic diseases.

This article will focus on indications for nuclear medicine
and molecular imaging in pulmonary diseases, which can be
practically used by a pulmonologist. Selected newer tech-
niques and future directions will be briefly discussed.

Imaging Modalities

Classic nuclear medicine imaging includes planar imaging,
most often static; however, continuous (cine) imaging can
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make an important contribution for specific indications, e.g.,
flow in lymphatics. The classic design of gamma camera im-
aging involves detection of gamma radiation emitted by the
source (radiotracer in the patient) using a single or multiple
Nal(TI) crystals. SPECT (single-photon emission computed
tomography) employs a gamma camera or multiple gamma
cameras that rotate around the patient acquiring multiple 2-D
images (projections). Subsequently, a tomographic recon-
struction algorithm is used to create a 3-D data set. Addition
of SPECT to planar images helps to localize the abnormal
uptake, improves diagnostic accuracy, and assessment of the
disease extent [1, 2]. However, despite this improvement,
SPECT does not provide the exact location. CT can be obtain-
ed for attenuation correction and anatomical localization
resulting in a hybrid imaging: SPECT/CT, which further im-
proves detection of abnormal radiotracer accumulation [3].
Moreover, SPECT/CT improves reader confidence compared
with planar imaging [4]. SPECT/CT is superior compared
with planar scintigraphy or SPECT alone with multiple
established indications and emerging new applications [5,
6]. Importantly, the CT portion of the exam is typically per-
formed as low dose with limited diagnostic qualities to assure
a very low radiation exposure. The effective doses from CT
portion of SPECT/CT exam were reported as 0.6-2.6 mSv
depending of body area imaged [7-9]. For comparison, the
average yearly background radiation dose in the USA is
3.1 mSv and the average dose from chest CT is 7 mSv [10].

Molecular imaging combines anatomic and molecular in-
formation by employing SPECT, PET, MRI, ultrasound, and
optical imaging in combination with specific imaging probes
(Table 1). The labeled probes are specific for a target at a
molecular level allowing for investigation of a specific cellular
pathophysiologic process. Current clinical molecular imaging
implements SPECT and PET. SPECT allows simultaneous
imaging of multiple different molecular probes with different
radiotracers; however, it has lower resolution compared with
PET [11]. Newer PET techniques regarding simultaneous im-
aging of different radiopharmaceuticals are under investiga-
tion; however, further research is needed [12]. Additional mo-
dalities have been explored in ongoing preclinical research,
including contrast-enhanced molecular ultrasound (US) with
microbubbles and optical imaging with fluorescent probes.
Overall, molecular imaging can provide highly specific infor-
mation and opens pathways to personalized medicine and
therapeutic diagnostics (theranostics).

What Can Be New about the VQ Scan?

Nuclear medicine planar ventilation and perfusion (VQ) scans
have served for decades as a foundational pillar of clinical
nuclear medicine assessment of suspected pulmonary embo-
lism (PE). Radiolabeled macroaggregated albumin (MAA) is

used for the perfusion portion while a variety of inhaled ra-
diopharmaceuticals can be used for ventilation imaging, com-
monly **™Tc-DTPA (diethylenetriaminepentaacetic acid),
133 Xenon, and Technegas (gas-like ultra-fine technetium-la-
beled carbon), widely used in Europe. The traditional VQ scan
was obtained as 2-D planar images in several planes.
Currently, 3-D SPECT or SPECT/CT imaging is often used
with improved image quality and accuracy [13]. Traditional
interpretation of VQ scan implemented probability assessment
based on the PIOPED [14] clinical trial, and the results were
reported as either high, intermediate, low, very low, or normal
probability. These categories were never well accepted in the
clinical community and were at times not helpful in the man-
agement of patients with possible pulmonary embolism. There
were subsequently several articles attempting to simplify the
interpretation of the VQ scan, and today, many centers report
the findings the same way as for other modalities: as positive,
negative, or indeterminate. Some advocate using SPECT/CT
VQ imaging as the most accurate method of pulmonary em-
bolism evaluation, as the CT improves the specificity while
maintaining an excellent sensitivity [15]. Modern day SPECT/
CT systems can produce a reasonable quality CT at a very low
radiation dose, and the CT can help determine if a perfusion
defect is due to something other than PE, such as pneumonia.

VQ scan is the preferred imaging modality in chronic
thromboembolic pulmonary embolism (CTEPH), for both di-
agnosis and monitoring after therapy (Fig. 1). Perfusion-only
imaging can be used for evaluation of right to left shunt, both
pulmonary and cardiac, as well as hepatopulmonary syn-
drome. Perfusion quantitative imaging is commonly used pri-
or to lung volume reduction surgery in COPD and prior to
lung transplantation. In addition, this is used for follow-up
after cardiac surgery for certain congenital heart diseases and
as a monitoring tool after intervention performed on central
pulmonary arteries.

VQ SPECT can help to detect early COPD as the scinti-
graphic findings correlate with spirometric data and extent of
emphysema [16]. Technegas ventilation scintigraphy also
shows correlation with spirometry and appears promising in
the diagnosis and grading of chronic obstructive pulmonary
disease (COPD) [17] as well as monitoring treatment response
in asthma [18].

Other indications in ventilation or perfusion lung imaging
include:

1. Mucociliary clearance (*™Tc pertechnetate, **™Tc¢ sulfur
colloid, **™Tc MAA, etc.), e.g., in COPD and asthma.

2. Pulmonary vascular permeability (**™Tc-DTPA)

3. Pneumoconiosis evaluation with *"Tc MAA and ®’Ga
citrate

4. Bronchopleural fistula detection

5. Bronchiectasis evaluation in children
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Advantages

Radiotracers Indications/Examples

Selected nuclear medicine and molecular imaging modalities
Description

Modality

Table 1

@ Springer

Main traditional nuclear medicine modality with ~ Functional imaging as opposite to

Planar whole body and spot imaging, Gamma-emitting radionuclides

Gamma camera

(99mTc 8]T1 lIlIrl l}]I I23I

etc.).

Gamma-emitting radionuclides

traditional anatomic data provided by

CT and radiography.

broad spectrum of indications.

flow/cine.

Improved accuracy and lesion

Myocardial perfusion imaging, VQ scan,

Tomographic reconstruction algorithm

SPECT (single-photon

localization compared with planar

images.
Metabolism evaluation (FDG).

parathyroid localization

can be simply added to planar

imaging as needed.

produces 3-D data. Multiplanar

reformats can be created.

emission computed

tomography SPECT/CT)

PET (positron emission

Oncologic imaging.

" FDG—nonspecific

with CT for attenuation correction and Multiple newer tracers (Table 1).

Currently almost always in conjunction
lesion localization

Targeted molecular imaging (newer

Infection/inflammation (FUO, sarcoidosis

tomography) PET/CT

tracers).
Higher resolution than SPECT.

including cardiac).

Superb soft tissue characterization,

Oncologic imaging, most commonly pelvic

PET tracers

Magnetic Resonance Imaging used in

MRI (PET/MR)

complimentary anatomic and
functional information.

malignancies (cervical cancer, prostate cancer),

hepatocellular carcinoma.

Gadolinium-based contrast.

conjunction with PET

Ultrasmall superparamagnetic iron

oxide particles (USPIOs).
Fluorophores and quantum dots.

Luciferase enzyme.

Limited depth (< 1-2 cm)

Preclinical

Fluorescence

Optical imaging

Bioluminescence

6. Drug delivery distribution evaluation with SPECT and
PET [19]

7. ?°™Tc-DTPA aerosol can be used as “screening” in HIV
patients if pulmonary infection is suspected and chest
radiograph is normal [20]. This is especially useful in
pediatric population [21].

Infection/Inflammation Evaluation
57Gallium

Indications to use ®’gallium scintigraphy include detection
of pulmonary and mediastinal inflammation/infection, espe-
cially opportunistic infection in the immunocompromised
patient; a negative scan excludes active Pneumocystis
Jjirovecii pneumonia (PJP) and essentially any pulmonary
disease [22]. ®’Ga can be used for evaluation and follow-
up of lymphocytic or granulomatous inflammatory process-
es, such as sarcoidosis or tuberculosis [23, 24]. It is sensitive
for drug-induced pulmonary toxicity (e.g., bleomycin and
amiodarone) [25]. It is preferred over WBC scan in a leuko-
penic patient. For diagnosing discitis/osteomyelitis, it is pre-
ferred over labeled leukocytes. ©’Ga scan is negative in ad-
enocarcinoma, squamous cell carcinoma, histiocytosis, and
Kaposi sarcoma (which is positive on a thallium scan), but
positive in lymphoma. Diffuse ®’Ga uptake in lungs is non-
specific, which can be seen in various infectious and inflam-
matory conditions. Due to long testing time, high frequency
of false positive results, relatively high radiation dose, and
availability of other modalities (PET/CT), the role of “"Ga
scintigraphy in clinical practice has been reduced [9, 18].

Labeled Leukocytes in Pulmonary Infections

Leukocytes can be labeled with "indium-oxine (!''In) or
99T ¢-hexamethylpropyleneamine oxime (HMPAO), depend-
ing on specific clinical question and anatomic location. The
Society of Nuclear Medicine and Molecular Imaging
(SNMMI) guidelines state that WBC imaging can be used for
detection of suspected sites of acute inflammation/infection in
the febrile patient, patients with granulocytosis, and/or positive
blood cultures [26, 27]. Per European Association of Nuclear
Medicine (EANM) guidelines [28], labeled WBC scintigraphy
may be used to detect, localize, and determine the extent of the
process in occult lung infection disorders, as well as fever of
unknown origin (FUO), endocarditis, postoperative abscesses,
infected central venous catheters, or other vascular devices.
Disadvantages of scintigraphy with radiolabeled WBC are the
requirement of blood handling for radiopharmaceutical prepa-
ration, the longer duration of the procedure compared with 18p.
2-deoxyglucose (FDG) PET/CT, and lower spatial resolution.
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Fig. 1 V/Q scan in chronic thromboembolic pulmonary embolism
(CTEPH). A 27-year-old female with chronic dyspnea, recently found
to have pulmonary hypertension. V/Q scan: perfusion images in the
upper row and perfusion images in the lower row. Left panel shows
multiple bilateral mismatched defects. This study was repeated (not

Labeled leukocyte with SPECT/CT imaging is a sensitive test for
detecting lung infection, it can be especially beneficial in immuno-
compromised patients, and a study by Love et al. showed that
absence of focal pulmonary activity had a 99% negative predictive
value for excluding pulmonary infection [29]. However, this test is
not specific due to possibility of damaged leukocytes accumulation
(sequestration) in the lungs, especially on early images. Persistent
diffuse uptake in the lung on delayed images may indicate infection
or inflammation and is more often seen in heart or renal failure.
This may obscure focal lung infections [27]. Atypical lung infec-
tions and opportunistic infection, like Prneumocystis jirovecii, as
well as sepsis can present with diffuse uptake. Diffuse lung injury
of various etiologies can have this appearance, including drug and
radiation-related lung injury, ARDS, eosinophilic syndromes, and
graft vs host disease. Focal uptake on delayed images can be lobar/
segmental or in non-anatomic distribution. Segmental and lobar
uptake suggests pneumonia [30], while non-anatomic distribution
of uptake suggests technical errors. " Tc-HMPAO and ''In-
oxine label predominantly neutrophils, however, due to affinity to
eosinophils, false positive results can occur in disorders with eosin-
ophilic infiltration [31]. Labeled neutrophils can be used to quantify
lung neutrophil inflammation in COPD in order to evaluate the
efficacy of therapy [32].

Infection/Inflammation Indications in Nuclear
Medicine

Fever of Unknown Origin

Despite multiple available diagnostic tests, FUO still remains
challenging. Both labeled WBC and FDG PET can be used in

shown) and the defects were unchanged. Findings were consistent with
diagnosis of CTEPH. Right panel obtained after embolectomy shows
significantly improved perfusion with resolved or decreased perfusion
defects

FUO [33, 34]. Some authors favor WBC scan over PET/CT as
a first study when there is a high pretest probability for infec-
tion [35]. However, FDG PET appears superior to other im-
aging modalities [36, 37].

Sarcoidosis

FDG PET/CT is commonly used for evaluation of sar-
coidosis including diagnosis, monitoring of disease activ-
ity, and response to therapy (Fig. 2). FDG PET/CT can be
especially useful in radiographic stage IV disease with
fibrosis because the presence of metabolic activity indi-
cates active disease potentially responsive to therapy.
Additionally, PET/CT may show active parenchymal dis-
ease in radiographic stages 0 and 1 [38, 39].

An additional PET radiotracer that can help diagnose
sarcoidosis is ''C-methionine used in molecular imaging
of amino acid metabolism (Table 2). Because of increased
metabolism of amino acids in tumor cells, this agent is
useful in tumor imaging. In combination with FDG, this
tracer can help to better differentiate inflammation from
malignancy [40]. Cardiac PET/MR offers the most com-
prehensive one-step evaluation of heart involvement and
at the same time can assess disease activity throughout the
body.

Other Indications for PET/CT in Inflammation and Infection
* Fungal and parasitic infections—disease activity monitor-

ing, e.g., candidiasis, aspergillosis, [41], and echinococco-
sis [42, 43]
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» AlIDS-associated opportunistic infections

» Assessment of metabolic activity in tuberculosis lesions

* Cystic fibrosis—disease activity, response to therapy

* Acute lung injury or acute respiratory distress syndrome
[44]

PET/CT in Systemic Inflammatory Diseases

Over recent years, there has been growth in PET utilization in
systemic infections and inflammation for diagnosis, assess-
ment of disease activity, and therapy monitoring [45, 46].
FDG PET/CT can be used for diagnosis and follow-up in
multiple inflammatory conditions including rheumatoid ar-
thritis (RA) [47], polymyalgia rheumatica [48], IgG4-relate
disease, large vessel vasculitis [49], and granulomatosis with
polyangiitis, adult-onset Still disease [50, 51],
spondyloarthritis, chronic osteomyelitis, and multicentric
reticulohistiocytosis [52]. Increased FDG uptake in the tra-
cheobronchial tree is a reliable sign of cartilage involvement
in relapsing polychondritis [53]. FDG PET/CT can be used for
early diagnosis of RPC and follow-up [54, 55]. New specific
PET tracers are being developed, for example, «53 1-integrin
PET appears to be a promising tool for early diagnosis of RA
and therapy monitoring [56].

Future Directions and New Indications

WBC labeling technique is time-consuming and labeling re-
quires handling a patient’s blood. Anti-granulocyte monoclo-
nal antibodies have been developed: whole murine IgG anti-
NCA-95 antibody and a Fab’ fragment anti-NCA-90.
Besilesomab induces production of human anti-mouse anti-
bodies (HAMA). Sulesomab does not induce HAMA produc-
tion and is approved in Europe for peripheral musculoskeletal
infections [35].

Anti-microbial peptides (AMPs) have been developing
rapidly, labeled with either SPECT or PET radiotracers.
99m7¢-labeled antibiotics can be used for specific indications,
for example, **™Tc-ciprofloxacin binds to topoisomerase IV
and DNA gyrase expressed by proliferating bacteria and can
be used in suspected infections caused Gram-positive, Gram-
negative, and anaerobic bacteria [57]. Other antibiotics, such
as cephalosporins and fluoroquinolones, **™Tc-vancomycin,
and other anti-microbial peptides, for example, **™Tc-
ubiquicidin (UBI), have been tested in animal and human
studies [58, 59]. Recently, new probes have been proposed
for the detection of fungal infections, such as **™Tc-flucona-
zole. *™Tc-ethambutol planar and SPECT/CT scintigraphy
has been shown to be useful in tuberculosis with high sensi-
tivity and specificity for detection of pulmonary and
extrapulmonary disease [60].

Fig. 2 Evaluation of sarcoidosis with PET/CT. A 54-year-old female
underwent CTA PE (left column) showing mass-like lesion in the main
pulmonary artery. FDG PET/CT (middle column) was performed per
sarcoid protocol which includes high fat and protein, no carbohydrate
diet to suppress normal myocardial glucose uptake. The scan shows

@ Springer

extensive hypermetabolic activity in this lesion and mediastinal and
hilar lymphadenopathy. Biopsy demonstrated angioinvasive sarcoidosis.
Follow-up PET/CT (right column) after therapy shows decreasing
metabolic activity consistent with response to therapy
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Viral infections could be potentially detected with the help
of an emerging radiopharmaceutical for PET/CT studies; for
example, '®F-fluoro-5-ethyl-1beta-D-arabinofuranosyluracil
("®F-FEAU) recognizes an enzyme produced by herpes sim-
plex virus [61]. Many new PET radiopharmaceuticals for in-
fection imaging have been tested in preclinical trials with po-
tential to be translated to humans [62].

Multiple molecular probes for fibrosis have been devel-
oped, for example, a SPECT/CT agent **™Tc-CBP1495
[63], fibroblast targeting somatostatin receptor agents (''In-
octreotide), and numerous %8Ga and **Cu-labeled PET agents
[64, 65].Currently available techniques can detect established
fibrosis; however, there is need to develop tools to improve
detection of early disease and monitoring of progression. For
example, an ongoing clinical trial evaluates the ability of
8Ga-CBPS probe to detect type I collagen deposition in early
IPF and radiation induced fibrosis [64, 66].

Molecular imaging techniques for ischemia-reperfusion in-
jury are being investigated primarily for evaluation of primary
graft dysfunction in lung transplant. Dimastromatteo has re-
ported promising results using **™Tc-cFLFLF SPECT imag-
ing in a murine model [11].

Matrix metalloproteases (MMPs) secreted by inflammato-
ry cells, predominantly macrophages, have been investigated
in asthma and chronic obstructive pulmonary disease
(COPD). PET and SPECT tracers have been developed
aiming for early detection and monitoring of disease activity
[17].

Oncologic Indications
PET/CT

The traditional PET radiotracer is a glucose analog '®F-2-
deoxyglucose, which is the most used radiopharmaceutical
to date. FDG PET/CT is useful for imaging of inflammation/
infection as described above. However, the most common
indications for PET/CT chest imaging are the evaluation of a
single pulmonary nodule and lung cancer staging. This mo-
dality has an established role in lung cancer staging, radiation
therapy planning, treatment monitoring, and prognostication.
For pulmonary nodules, most physicians are aware of false
positive findings on FDG PET in infection and inflammatory
processes. However, false negative results occur as well, es-
pecially for small nodules (< 8 mm) located in the lower lobes
(motion artifact) and ground glass nodules. Additionally,
growing nodules can be falsely negative on PET, and for these
nodules, further follow-up and/or biopsy is warranted.
Development of many new PET radiotracers based on molec-
ular imaging allows for further growth and expansion of this
modality. These can be nonspecific, targeting intracellular
processes associated with neoplasms (hypoxia, proliferation,

@ Springer

angiogenesis, apoptosis, etc.) (Table 2), or highly specific,
showing affinity only to a selected antigen on healthy or ma-
lignant cells [67, 68]. For example, deoxy-
3’-18ﬂuorothymidine ("8F-FLT) is a marker of proliferation
and does not accumulate in inflammatory lesions [67, 68].
Zannetti et al. evaluated '*F-FLT PET/CT in order to improve
selection of patients with lung cancer who may benefit from
specific targeted therapies [69]. The second group of newer
tracers includes radiolabeled antibodies, peptides, or other li-
gands. These tracers have been shown to be highly specific
and useful in both diagnosis and treatment response assess-
ment. For example, endothelial growth factor (EGF) receptor
targeting drugs can be radiolabeled and potentially used as a
pretreatment imaging to predict response to therapy [70].
Multiple ongoing trials explore PET role in predicting re-
sponse to immunotherapy using radiolabeled antibodies, anti-
body fragments, and small molecules (e.g., **Zr-nivolumab in
patients with non-small cell lung cancer) [71, 72]. Overall,
PET/CT is playing an important role in development of pre-
cision medicine leading to improved therapies and patient
outcomes [73].

Neuroendocrine Tumor Imaging

Pulmonary carcinoid (PC) accounts for more than 25% of all
carcinoid tumors in the body and 1-2% of all pulmonary
neoplasms [74]. They have somatostatin receptors (SSTR)
and can be identified on somatostatin analog octreotide scans
radiolabeled with indium (*''In) [75]. Carcinoid tumors with
malignant potential show increased FDG uptake on PET/CT
due to high metabolic activity. However, utility of FDG PET/
CT for staging of pulmonary carcinoid remains controversial
[76]. Functional PET/CT imaging targeting SSTR can utilize
68-gallium-radiolabelled tetraazacyclododecantetraacetic acid
(DOTA) peptides (DOTATOC, DOTANOC, DOTATATE)
and '®F-dihydroxyphenylalanine (FDOPA). According to
the data from 352 patients [77], Ga-DOTA-peptide was supe-
rior to FDG (90.0% vs 71.0%) in detection of PC.
Management of PC depends on tumor grade and SSTR ex-
pression. High uptake of radiolabeled somatostatin analogs
(SSAs) and low uptake of "E_FDG are considered the func-
tional imaging pattern of low-grade well-differentiated tu-
mors. Conversely, low uptake of radiolabeled SSAs (or '*F-
FDOPA) and high uptake of FDG are representative of high-
grade poorly differentiated tumors [78]. Studies suggest that
low or no FDG uptake on PET/CT favors more conservative
management [79].

PET/MR

MRI provides excellent tissue characterization without using
ionizing radiation, but imaging of the lungs is challenging due
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to low proton density. The development of hybrid PET/MRI
provides an opportunity to provide the most comprehensive
assessment of malignancy combining functional and anatomic
information [80] (Fig. 3). "F MR may also allow the mea-
surement of lung inflammation. Emulsified perfluorocarbons
are phagocytized by monocytes and macrophages and can be
easily detected by using fluorine '°’F MRI. This technique can
be potentially used for lung imaging and drug development
[81].

The detection rate of MR for nodules less than 1 cm in
diameter is lower compared with diagnostic CT. However,
Raad et al. showed that most small non-FDG avid lung nod-
ules missed on PET/MRI either resolved or remained stable on
follow-up, suggestive of benignity [82]. Specific sequences
allow better visualization of lung parenchyma including pul-
monary nodules and consolidations [83]. MRI with diffusion-
weighted imaging (DWI) may be considered an alternative to
18F-FDG PET/CT in characterization of pulmonary nodules
and NSCLC staging and treatment follow-up [84]. The study
by Schaarschmidt et al. evaluated staging differences between
PET/MR and PET/CT in 77 patients with non-small cell lung
cancer (NSCLC) and demonstrated that both modalities lead
to comparable therapeutic decisions [85].

Pleura

FDG PET/CT can be used in differentiating between malig-
nant and benign pleural lesions. The meta-analysis of 11 se-
lected studies by Treglia et al. demonstrated sensitivity of 95%
and specificity of 82% [86]. The ability to distinguish malig-
nant from benign pleural effusion is limited [87] with reported
sensitivity of 81% and specificity of 74% [88]. However, the
study by Yildirim et al. reported high sensitivity, specificity,
and accuracy (88.2%, 92.9%, and 90.3%, respectively) for
differentiation of malignant mesothelioma from asbestos-
related benign pleural disease in a group of 31 patients [89]
evaluated by PET/CT. Similarly, Sun et al. reported high sen-
sitivity of 93% for FDG PET/CT in differentiating malignant
from benign pleural effusion [90].The recent TARGET trial
explores the potential role of FDG PET/CT to target areas of
high uptake when performing a CT-guided biopsy [91].

In patients with pleural effusion who are on peritoneal di-
alysis or who have liver disease (hepatic hydrothorax), **™T¢
MAA or **™Tc sulfur colloid can be used for assessment be-
cause they are not absorbed systemically. If there is commu-
nication between the peritoneum and pleural space, lung up-
take is usually seen in 10 min. Similarly, patency of drainage

A
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Fig. 3 PET/MR findings in a patient with lung cancer. A 61-year-old
male with right upper lobe cancer treated with radiation therapy. High-
resolution CT images (left column) demonstrated decreased size of the
mass and a new 6-mm nodule in the right lower lobe. FDG PET/MR was
obtained. The MR portion (middle column) remonstrated the RUL mass

and RLL nodule. Fused PET and MR images show that the mass was
intensely hypermetabolic suspicious for residual/recurrent disease and the
nodule was mild to moderately hypermetabolic suspicious for second
primary vs metastatic lung cancer
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Fig. 4 Hepatic hydrothorax and shunt evaluation. In patients with pleural
effusion who are on peritoneal dialysis or who have liver disease (hepatic
hydrothorax), *™Tc MAA or *™Tc sulfur colloid can be used for shunt
assessment. If there is communication between the peritoneum and
pleural space, lung uptake is usually seen in 10 min. Similarly, patency
of drainage and shunt catheters can be assessed, including pleurovenous
and peritoneovenous shunts. The images demonstrate evaluation in a 16-

and shunt catheters can be assessed, including pleurovenous
and peritoneovenous shunts (Fig. 4).

Extrapulmonary Indications in the Chest
Vascular Infections

For infectious endocarditis (IE), the labeled leukocyte scan is
most valuable in patients with “possible IE” by Duke criteria,
when there is a high level of clinical suspicion but negative or
indeterminate echocardiographic findings [92, 93].
Radiolabeled WBC SPECT/CT is more specific for the detec-
tion of prosthetic valve IE and infectious foci than FDG PET/
CT [94]. FDG PET/CT has value in detection of septic emboli
and extra-cardiac infection source [95].

Mycotic aneurysms can be difficult to differentiate on CT
or MR from non-infectious aneurysms and '''In WBC or
FDG PET/CT scan can be useful in establishing the diagnosis
as well as detecting additional sites of the disease.

Vascular graft imaging with labeled WBCs demonstrates
high sensitivity and can be used for detecting, localizing, and
defining the extent of infection [96, 97]. However, evaluation
in the early postoperative period is limited [98, 99]. A positive
scan early in the postoperative period can be secondary to
normal endothelialization of the graft or infection.

Cardiovascular implantable electronic device (CIED) in-
fection can be assessed with WBC scintigraphy, especially if
SPECT/CT technique is utilized [100]. Based on available
data, both WBC SPECT/CT and FDG PET/CT studies may
play a role in the diagnosis of CIED infection; however, they
are not incorporated in the 2015 European Society of
Cardiology guidelines [101-103].

@ Springer

year-old male with Budd-Chiari syndrome, refractory ascites, and Denver
(mesoatrial) shunt who presents with dyspnea. Image A: frontal chest
radiograph showing a large pericardial effusion. A pericardial drain was
subsequently placed. Images B and C: **™Tc shunt scintigraphy showing
radiotracer in the peritoneal cavity but no progression into the lungs.
Tracer accumulation around the heart indicating shunt communication
with the pericardial space

Aspiration

9MTe_DTPA or *™Tc sulfur colloid salivagram can be used
to help in the diagnosis of aspiration and is more sensitive than
the fluoroscopic techniques. Videofluoroscopic evaluation of
swallowing (VFES) may fail to identify aspiration in up to
30% of patients, especially saliva aspiration [104—106].

Extramedullary Hematopoiesis

99mT¢ sulfur colloid can be used to differentiate this entity
from other paraspinal lesions. It may be especially useful in
pulmonary extramedullary hematopoiesis which can involve
the pleural space, pulmonary parenchyma, and rarely the pul-
monary artery [107].

Splenosis

Classic indications for scintigraphic imaging include
suspected thoracic splenosis, which may be found after splen-
ic injury. In 75% of patient, splenosis presents as multiple
pleura-based nodules; in 25% of patients, a solitary nodule is
present. The average time from the event to diagnosis is
21 years [108]. Diagnosis can be established with **™Tc¢ sulfur
colloid scintigraphy, *™Tc heat-damaged erythrocytes, or
""[n-labeled platelets (Fig. 5).

Thrombus Evaluation

Molecular imaging is used to investigate venous thrombosis
[109] including determination of thrombus activity and acuity
which may play an important role in patient management.
99me apcitide binds to glycoprotein receptor GPIIb-IlIa on
the membrane of activated platelets. This can identify acute
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Fig. 5 Evaluation of splenosis.
An incidental pleura-based
nodule was identified on contrast-
enhanced chest CT (arrowhead).
Note that the spleen is absent
(circle). *™Tc-labeled sulfur
colloid scintigraphy anterior
(upper) and posterior (lower)
views show tracer accumulation
withing the nodule (arrows)
consistent with splenic tissue

deep venous thrombosis (DVT) [110, 111]. This test has been
FDA approved, but is not widely used. An additional com-
pound **™Tc-DI-DD3B6/22-80B3 (**™Tc-DI-80B3 Fab'), a
humanized monoclonal Fab’ fragment that binds to D-dimer,
showed good safety profile and promising accuracy in phase I
and II trials [112, 113]. PET tracers are also under active
investigation, for example, **Cu-DOTA fibrin-targeted probes
which have been tested in animal models [114].

Theranostics

Theranostics, a combination of therapeutic and diagnostic ap-
proaches, is one of the most exciting areas in molecular imag-
ing. This refers to the idea of targeted molecular imaging using
radionuclide-labeled molecules not only for imaging but also
for therapy delivery. Radionuclides with optimal decay char-
acteristics can serve as delivery system for targeted radiation
therapy. Radiation has proven to be a very useful treatment
option for different cancers, but it is limited in that its source is
external and the treatment affects all the tissue in the radiation
field. With theranostics, the source of radiation is internalized
targeting specific malignant cells throughout the body includ-
ing micro-metastatic disease. Locally delivered radiation dam-
ages the DNA triggering apoptosis in the targeted cells. Pre-
treatment scans and therapy can use the same “carrier”; how-
ever, a different radionuclide attached to the carrier can be
used for the imaging and therapy. Certain theranostic

radiopharmaceutical pairs are already in clinical use; for ex-
ample, ®*Ga-DOTATATE/'""Lu-DOTATATE represents the
theranostic pair of labeled somatostatin analogs for neuroen-
docrine cancers where the ®*Ga-DOTATATE is used for im-
aging and the '"’"Lu-DOTATATE for therapy if the tumors are
positive on the **Ga-DOTATATE imaging which confirms
they have the somatostatin receptor-2 (SSTR-2).

Additional radiolabeled antibodies appear promising in
preclinical and clinical trials. This includes '’’Lu-lilotomab,
a CD37 antibody for the treatment of B cell lymphomas and
antibodies against fibroblast activation protein [115]. In sum-
mary, theranostics has the potential to become personalized
precision-based cancer therapeutics.

Heat shock proteins, also known as stress proteins, inves-
tigated for oncologic applications, appear to play a role in
pathogenesis of pulmonary fibrosis [116]. These are being
investigated as potential biomarkers and therapeutic targets
in idiopathic pulmonary fibrosis [117].

Conclusions

Nuclear medicine offers many diverse applications for chest
imaging. Many routine indications are utilized in daily prac-
tice with selected techniques used as problem-solving tools.
Molecular imaging is a rapidly developing field with exten-
sive ongoing research and expanding indications. These
newer imaging techniques have a substantial impact on the
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patient management and outcome. In addition, theranostics
expands the therapeutic role of nuclear medicine. Nuclear
medicine and molecular imaging significantly contribute to
the development of targeted therapies and precision medicine
leading to improved patient care.
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