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Abstract

Molecular imaging agents have the ability to non-invasively visualize, characterize, and quantify
the molecular biology of disease. Recent advances in nuclear probe development, particularly in
PET radiotracers, have generated many new imaging agents with precise molecular targets. With
such specificity, PET probes may be utilized as biomarkers to objectively interrogate and evaluate
pathology. Whereas the current indications for PET imaging are predominately confined to staging
and restaging of malignancy, the utility of PET greatly expands when utilized as a biomarker, the
topic of this review. As an imaging biomarker, PET may be used to (1) measure target expression
to select subsets of patients who would most benefit from targeted therapy; (2) measure early
treatment response to predict therapeutic efficacy; and (3) relate tumor response to survival. This
review will discuss the application of radiotracers to targeted cancer therapy. Particular attention is
given to new radiotracers evaluated in recently completed clinical trials and those with current or
potential clinical utility. The diverse roles of PET in clinical trails for drug development are also
examined.
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Introduction

Advances in molecular biology have furthered our understanding of disease pathogenesis,
supporting the genesis of a more sophisticated classification of disease. Whereas in the past,
cancer was often solely characterized by the organ of origin, our current understanding
allows for a new taxonomy based in part on the “intrinsic biology” of the tumor [1-3]. With
a better understanding of the molecular biology of disease, medical treatments can be
tailored to individual characteristics of each patient, so-called “precision medicine” — the
preferred term endorsed by the US National Research Council [1]. The ability of imaging
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probes to interrogate the underlying molecular biology of disease as a biomarker has great
potential to guide cancer therapy through numerous applications [4].

Traditionally, imaging evaluation of disease has been largely anatomic. In radiographic
imaging, differences in x-ray attenuation of tissues enable image formation and detection of
anatomic abnormalities without regard for underlying biology and pathophysiology. Such
anatomic abnormalities can be used to infer biologic properties and thus contribute to the
diagnosis and characterization of disease. Likewise, changes in tumor size over time can be
used to assess treatment response, which remains an integral component in oncologic
guidelines (e.g. RECIST 1.1 criteria [5]). Molecular imaging, though, whereby the
underlying biology of disease can be probed, represents a fundamental change in this
imaging paradigm [6].

As defined by the Molecular Imaging Center of Excellence and the Society of Nuclear
Medicine, “molecular imaging is the visualization, characterization, and measurement of
biological processes at the molecular and cellular levels in humans and other living
systems,” using the techniques of nuclear medicine, magnetic resonance imaging and
spectroscopy (MRI and MRS, respectively), optical imaging, and ultrasound, among others

[71.

Fundamentally, MRI exploits differences in tissue local magnetic fields to produce image
contrast. The addition of targeted contrast agents can provide biologic specificity and is an
area of active research [8,9]. MRS yields a chemical spectrum of a volume of interest which
enables identification of metabolites and characterization of tissues [10]. MRS has several
oncologic applications, including characterizing brain tumors and prostate cancer [11].
Contrast-enhanced ultrasound with microbubbles targeted to intravascular receptors has been
studied in inflammation, angiogenesis, and thrombosis [12,13], but is not yet available
clinically. Similarly, molecularly targeted optical contrast agents have been studied, though
the limited depth of penetration of light restricts its potential clinical use in vivo to
intraoperative and endoscopic setting [14,15].

Biological probes can also be labeled with a radionuclide. Emissions from radioactive decay
of the nuclide can be detected by external cameras and images formed, creating the basis of
nuclear medicine. For radionuclides that decay by gamma-ray emissions, single-photon
emission computed tomography (SPECT) can create three-dimensional image
representations of the distribution of the radionuclide. Positron emission tomography (PET)
can create similar image representations of the distribution of those radionuclides that decay
by positron emission. Attenuation correction can be performed with data from an
accompanying CT scan, which can also be used for anatomic localization (PET/CT) [16].
Relative to SPECT, PET is more sensitive in the detection of emitted events, has better
spatial and temporal resolution, and more accurate quantification [17,18]. With appropriate
data corrections, SPECT can also yield quantitatively accurate images; these corrections,
however, are now yet routinely available in clinical practice [19]. For exact quantification of
radioactivity of PET images a cylinder with a uniform concentration of radiotracer may be
scanned so that a calibration factor can be calculated [16]. Recent research in PET
radiotracer development has generated many new and novel imaging agents with specific
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molecular targets, many of which demonstrate clinical utility. For these reasons, this review
will focus on recent advances in PET radiotracer development with particular attention to
probes that may transform oncologic care.

Traditionally, PET/CT, using the glucose analog 18F-fluorodeoxyglucose (FDG), has been
used clinically for evaluation of extent of disease prior to the start of treatment and
assessment of response during or at the conclusion of a treatment — staging and restaging,
respectively. These indications reflect the coverage provided by the Centers for Medicare
and Medical Services [20]. PET, though, is not limited to such indications and can be used
as a biomarker, the topic of this review. As defined by the Biomarkers Definitions Working
Group in 2001, a biomarker is “a characteristic that is objectively measured and evaluated as
an indicator of normal biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention” [21]. PET as an imaging biomarker may be utilized
to (1) measure target expression to select subsets of patients who would most benefit from
targeted therapy; (2) measure early treatment response to predict therapeutic efficacy; and
(3) relate tumor response to survival. Furthermore, PET biomarkers may be used as
surrogate endpoints in clinical trials, decreasing trial duration and cost [22]. Treating PET as
a molecular imaging biomarker greatly expands its clinical indications and utility, with
direct clinical impact.

This review will highlight radiotracers used as biomarkers that are still considered
investigational in the United States but have been tested in a number of human studies,
including in several late-phase multi-center trials. Development and clinical studies of
radiotracers primarily used for staging and restaging disease, although important
components in directing cancer therapy, are not discussed in this focused mini-review.

iImaging as a measure of therapeutic target expression

Non-invasive assessment of therapeutic target expression by PET can direct patients to
appropriate therapy. Although biopsy remains the reference standard for a tissue diagnosis,
its invasive nature limits the number of sites sampled and often prohibits serial assessment
[22]. Molecular imaging is not inherently confined by such limitations; the ability to assess
multiple lesions across time represents a distinct advantage. Tissue biopsy is also prone to
sampling error. For example, a review of ultrasound-guided core needle biopsies for the
diagnosis of breast cancer found that an average of 10% of lesions required repeat biopsy
across many studies [23]. Laboratory assessment itself may also be error prone. A
systematic review in 2010 demonstrated that up to 20% of immunohistochemical estrogen
and progesterone receptor testing worldwide may be inaccurate [24].

Imaging receptor status in breast cancer represents an active and potentially impactful area
of research. In patients with estrogen receptor (ER) positive breast cancers, endocrine
therapy with tamoxifen has been shown to reduce risk of recurrence and breast cancer
mortality; little or no effect was seen among ER-negative patients [25]. Receptor expression
profiles of breast cancer metastases may also not match that of the primary tumor with
changes in hormone receptor status having been shown to affect prognosis [26]. In a 2015
review of meta-analyses, pooled estimates for absolute frequency of change from positive
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primary tumors to negative metastases ranged from 5.7% to 9.5% for ER status and 17% to
24% for progesterone receptor (PR) status [27]. As expected, loss of ER expression in
recurrence has been associated with a poor response to tamoxifen [28]. Estrogen receptor
status can thus be used to guide targeted therapy, as reflected in recent clinical practice
guidelines [27].

Imaging the estrogen receptor with 18F-fluoroestradiol (FES) PET has shown early
translational success. FES uptake in tumors has been shown to correlate with in vitro assays
of ER expression [29-31]. Clinically, studies have shown a correlation between pre-therapy
FES levels and response [32-34]. A study of forty women with biopsy-proven advanced ER-
positive breast cancer showed that patients who responded to tamoxifen had significantly
greater baseline FES uptake than non-responders (standardized uptake value (SUV) *
standard deviation of 4.3 + 2.4 vs. 1.8 £ 1.3, respectively). Interestingly, this study also
showed an increase in FDG uptake in tumors of responders at 7-10 days after the initiation
of tamoxifen compared to those of non-responders. This so-called metabolic flare may be an
indicator of early response, as discussed in detail in the next section [32]. In a study of the
response of heavily pretreated metastatic breast cancer patients to salvage hormonal therapy,
quantitative FES-PET was also shown to have discriminative ability between responders and
non-responders, suggesting a role for patient selection. Eleven of 32 patients with an FES
SUV greater than 1.5 responded while none of the 15 patients with an SUV less than 1.5
responded [33] (see Fig. 1). A recently completed phase 2 study of FES-PET gives further
support to the utility of FES in patient selection [35].

PET imaging of tumor hypoxia has proved clinically useful as a means to guide targeted
chemotherapy, as well as demonstrative in the importance of patient selection in the design
of clinical trails. Tumor hypoxia may induce genetic changes in cells resulting in an
aggressive phenotype and has been shown to be associated with resistance to radiation and
chemotherapy [36,37]. The radiation commonly used in radiotherapy (i.e. sparsely ionizing,
low-linear energy transfer (LET) radiation such as x-rays and -y-rays) require molecular
oxygen to generate double-stranded DNA breaks and cause cell death [37]. Tumor hypoxia
as assessed by invasive means has been associated with poor outcomes in cervical cancers,
head and neck cancers, and soft tissue sarcomas [38]. Moreover, modification of tissue
hypoxia has also been shown to be associated with an overall survival benefit in a large
systematic review of randomized trials [39]. Given these associations and available selective
therapy, several PET markers of hypoxia have been created, with 18F-fluoromisonidazole
(FMISO) being the most studied [40]. In hypoxic environments, FMISO is reduced and then
covalently bonded to macromolecules [41]. A possible role for FMISO in patient selection
has been demonstrated in head and neck cancer. In the TROG 98.02 randomized trial of
patients with locally advanced squamous cell carcinoma of the head and neck treated with
radiation, cisplatin, and either fluorouracil or the hypoxia-selective cytotoxic agent
tirapazamine, there was a “trend in favor of the tirapazamine arm for both locoregional
control and failure-free survival,” though not statistically significant [42]. However, in a
subset of patients whose tumors were evaluated for hypoxia with FMISO imaging, the risk
of locoregional failure in hypoxic tumors was greater in those patients not treated with the
tirapazamine regimen, suggesting an indication for FMISO in patient selection [43]. As a
follow-up to TROG 98.02, a larger phase 111 trial showed no significant difference in overall
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survival, failure-free survival, or time to locoregional failure, noting a measure of tumor
hypoxia was not used as a selection criterion. The authors concluded that additional trials
targeting hypoxia should be conducted with a “well-defined group of patients at high risk of
locoregional failure as a result of tissue hypoxia” [44]. Preliminary results from the recently
completed ACRIN 6684 study of FMISO-PET and MRI in newly diagnosed glioblastoma
patients demonstrated baseline hypoxia was associated with shorter overall survival [45].
Previous work demonstrated other FMISO imaging parameters are associated with survival
[46].

Detection of the increased glycolytic rate of tumors with the glucose analog FDG has
dominated clinical PET imaging. However, tumors also consume other nutrients, including
glutamine, which can be radiolabeled and exploited for both imaging and therapeutic
purposes [47]. Glutamine metabolism is complex with involvement in redox homeostasis,
macromolecular synthesis, protein and DNA modification, cell signaling, anaplerosis, and
energy production [48]. Oncogenic Myc activation can lead to glutamine addiction,
representing a possible therapeutic target [49]. Both fluorine- and carbon-labeled glutamine
compounds have been synthesized and tested in pre-clinical tumor models [50-52]. In
addition, the downstream glutamine derivative glutamate has been 18F-radiolabeled ((4S)-4-
(3-[18F]fluoropropyl)-L-glutamate (FSPG)) and studied as a marker of the transporter
system X7, which has a role in the oxidative stress response [53]. In small clinical studies,
FSPG has shown encouraging results in detecting non-small cell lung cancer hepatocellular
cancer, but not in detecting breast cancer [54,55].

Molecular imaging may also be used to guide radionuclide therapy. Detection and staging
with SPECT of neuroendocrine tumors with the somatostatin receptor agonist 111In-
octreotide has found widespread clinical use [56]. $3Ga-labeled PET radiotracers have also
been studied, noting advantageous imaging characteristics and practical considerations of
68Ga-labeled compounds compared with those labeled with 111In [57]. Clinically, $8Ga-
DOTA-octreotate imaging was shown to provide additional information compared to 111In-
octreotide imaging in patients with somatostatin-expressing tumors. This additional
information subsequently affected patient management [58]. Given target expression, -
emitting somatostatin-targeted radionuclides have been developed targeting the somatostatin
receptor, deemed peptide receptor radionuclide therapy (PRRT). Both 177Lu- and %Y agents
have been developed, the former being advantageous in that -y emission allows concomitant
imaging (PRRT reviewed in Refs. 56,57,59). Preliminary results have recently become
available from the Netter-1 phase 1 trial of 177Lu-Dotatate in patients with progressive
somatostatin-receptor positive midgut neuroendocrine tumors, noting inclusion criteria for
this study included a positive OctreoScan for target lesions [60]. A significant increase in
progression free survival was seen in the arm receiving the radionuclide compared to the
control arm receiving high-dose Octreotide LAR. There was also a suggestion of an
improvement in overall survival in the radionuclide-treated arm [61]. Similarly, both
diagnostic imaging and radionuclide therapy have been studied with prostate-specific
membrane antigen (PSMA) targeted agents, with early clinical studies showing early
promise [62].
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In more pre-clinical work, imaging agents have also been developed targeting chemokine
receptor 4 (CXCR4), a transmembrane protein overexpressed in many cancers and
associated with aggressive behavior, metastases, recurrence, and poor survival. Numerous
labeled CXCR4 ligands are currently being studied for PET, SPECT, and even fluorescence
imaging [63-65]. A recent study of 14 patients with advanced multiple myeloma using
[68Ga]Pentixafor demonstrated feasibility of detecting multiple myeloma lesions. With
targeted CXCR-agents also in development, radiotracers targeting this receptor represent
another opportunity for patient selection [66].

imaging as a measure of early treatment response

Historically, follow-up tumor imaging has been performed weeks after chemotherapy
administration. For example, RECIST 1.1 specifies follow-up every 6-8 weeks may be
reasonable in phase I studies if the effect of therapy is unknown [5]. Given the anatomic
basis of RECIST 1.1, such an interval is rational as morphological changes in tumor size lag
behind biochemical and molecular changes. Molecular imaging with PET, though, can detect
such changes to potentially assess early treatment response. Therapy can be adjusted in
nonresponders and possibly shortened for responders [67].

Altered cellular metabolism is an emerging hallmark of cancer [68], with detection of
increased glycolysis representing the basis of FDG-PET imaging. Numerous growth factors
regulate the glycolytic pathway [69], supporting the assessment of glycolysis as an indicator
of early treatment response. The glycolytic response of gastrointestinal stromal tumors
(GIST) to imatinib mesylate (Gleevec/Glivec, Novartis) has been particularly striking.
Advanced GISTs are generally resistant to conventional chemotherapy, but have shown
susceptibility to imatinib mesylate, a selective protein kinase inhibitor [70]. In a study from
the New England Journal of Medicine in 2002, a sustained objective response to imatinib
was achieved in greater than half of patients with advanced unresectable or metastatic GIST.
Interestingly, FDG-PET was predictive of treatment response. Markedly decreased FDG
uptake as early as 24 hours was seen in all patients with an eventual response after a single
dose; all non-responders demonstrated increases in uptake or new active sites of disease
[70]. In a more formal study of imaging as a biomarker of early response to imatinib in soft
tissue sarcomas, PET response at day eight showed efficacy in predicting eventual CT
response and was associated with longer progression-free survival [71]. Lastly, increases in
FDG uptake after imatinib termination have been seen in imatinib-refractory GIST,
suggesting a heterogeneous tumor population where some tumor clones remain susceptible
to imatinib [72,73].

FDG-PET has also shown to be of value in the early assessment of breast cancer therapy. In
the Neo-ALTTO study of patients with human epidermal growth factor 2 (HER2)-positive
breast cancer, an early metabolic response on FDG-PET was shown to be indicative of a
higher likelihood of pathologic complete response (pCR) to neoadjuvant HER2-directed
therapy when given with chemotherapy [74]. Similarly, in a study of patients with HER2-
negative breast cancer, early decreases in SUV corrected for lean body mass were indicative
of pCR to preoperative therapy [75]. FDG-PET has also been studied prospectively to guide
therapy. In the AVATAXHER trail, FDG-PET was performed before the first and second

Cancer Lett. Author manuscript; available in PMC 2018 March 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pantel and Mankoff

Page 7

cycles of neoadjuvant chemotherapy in HER2-positive breast cancer patients. Patients
predicted to be responders continued on standard therapy. Those patients predicted to be
nonresponders were then randomized to receive the angiogenesis inhibitor bevacizumab
(Avastin, Genentech) in addition to continued chemotherapy or to continue chemotherapy
alone. Pathological complete response was seen in 37/69 (53.6%) of those noted to be
responders to the initial chemotherapy; 21/48 (43.8%) of non-responders who were
subsequently placed on bevacizumab; and 6/25 (24%) of non-responders who were not
placed on bevacizumab. This study exemplified how early FDG-PET results can prompt
treatment changes and possibly improve overall outcomes, although the sample size was
relatively small [76].

Cellular proliferation markers have also been evaluated as indicators of early treatment
response. Imaging the thymidine salvage pathway has been particularly attractive as
thymidine is the only base uniquely found in DNA as opposed to both DNA and RNA [77].
11C-thymidine can be directly incorporated into DNA [78]. Theoretically, thymidine
imaging should be more specific for malignancy compared to FDG which demonstrates
uptake by inflammation as well as by malignant tissue [78]. Although 11C-thymidine has
been extensively studied and modeled, the short physical half-life of 11C and rapid
catabolism of 11C-thymidine limit its use. The fluorinated compound 3’-fluorothymidine
(FLT) has been most extensively studied clinically [77,78]. FLT is phosphorylated and
trapped in the cell without significant metabolites, similar to FDG. Although only a small
amount of FLT is incorporated into DNA, cellular uptake is dependent on thymidine kinase
1 activity of the DNA synthesis pathway so this radiotracer has been used to measure
cellular proliferation [78].

In clinical trails, FLT-PET has been studied in patients with advanced non-small cell lung
cancer (NSCLC) after the administration of the epidermal growth factor receptor (EGFR)
tyrosine kinase inhibitor gefitinib, a cytostatic agent. Significant differences in the percent
change of SUVmax at seven days post gefitinib compared to pretreatment were seen in
responders versus nonresponders. When using a decrease of 10.9% in SUVmax as a
threshold for predicting response, positive and negative predictive values were above 90%
[79]. Of note, two large clinical trials published in 2004, INTACT 1 and INTACT 2, did not
show any advantage to adding gefitinib to standard chemotherapy (gemcitabine-cisplatin or
paclitaxel-carboplatin, respectively) in chemotherapy-naive patients with advanced NSCLC
[80,81]. Given that inclusion criteria for these studies did not stipulate gefitinib-sensitive
EGFR mutations, ultimate clinical trial failure has been speculated to be in part due to non-
specific patient selection [82]. In fact, a 2013 study specifically examining NSCLC patients
with EGFR mutations showed improved progression-free survival with gefitinib compared
to carboplatin-paclitaxel. EGFR mutation analysis was performed with cytologic or
histologic specimens, not imaging [83]. Ultimately, the United States Food and Drug
Administration approved gefitinib in July 2015 for first-line treatment of patients with
metastatic NSCLC with EGFR gene mutations, as detected by an FDA-approved PCR
diagnostic test [84]. In the absence of such a genetic test or when tissue sampling is
impractical, molecular imaging such as with FLT-PET, as above, may prove efficacious in
patient selection for targeted therapy.
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Finally, early response assessment with FLT-PET has also been studied in breast cancer. A
pilot study in 2007 measured FLT uptake at 90 minutes and irreversible trapping of FLT
prior to and after one week of chemotherapy. Each of these parameters demonstrated
discriminative power between clinical response at 60 days and stable disease [85]. In the
recently completed ACRIN 6688 phase |1 study, FLT-PET scans were obtained prior to
initiation of neoadjuvant chemotherapy (NAC), after one cycle of NAC, and after completion
of NAC. FLT-PET uptake on the post-NAC scan correlated with the proliferation marker
Ki-67 on surgical specimens. Ultimately, a marginal difference in the percentage change in
SUVmax between the pre-therapy scan and the first post-therapy scan was found between
patients with pCR and those without pCR (see Fig. 2). Of note, the NAC regimen was not
specified in this study, confounding the analysis. These results, in combination with variable
results from prior studies, provide the impetus for additional investigation [86].

Relating tumor response to survival

In addition to evaluating for early treatment response, PET/CT, particularly with FDG, has
also been shown to have value in predicting survival. This has established a role for PET as a
therapeutic endpoint. Numerous studies have examined PET/CT in outcome prediction
NSCLC. A 2003 study showed that reduction in tumor FDG uptake after just one cycle of
chemotherapy correlated with median time to progression and overall survival. The authors
suggested that metabolic response criteria could be used as an endpoint in phase Il studies
[87]. A separate study in NSCL demonstrated post-therapy PET a better predictor of survival
than CT response as evaluated on a single post-therapy CT scan [88]. The prognostic value
of FDG-PET has also been shown in several other solid tumors, including esophageal cancer
and head and neck cancer (reviewed in Ref. 89).

The use of PET/CT as a predictive marker for survival has been best studied in lymphoma,
where the most recent response assessment criteria incorporate the use of FDG-PET. Well
before the widespread clinical use of PET/CT, it was known that a residual mass after
chemotherapy may not definitely harbor malignancy [90]. The introduction of PET/CT in
the revised International Working Group criteria in 2007 allowed for post-treatment mass of
any size to be permitted in complete remission as long as the mass was PET negative,
eliminating the complete remission/unconfirmed (CRu) classification [91-93]. Updated
criteria in 2014, the Lugano Classification, further refined the use of PET/CT in response
assessment and recommended PET/CT as the reference standard for routine staging of FDG-
avid lymphomas [94] (see Fig. 3). The incorporation of PET/CT into response assessment
reflects the prognostic value of PET/CT in treated lymphomas. In Hodgkin lymphoma, both
negative and positive predictive values of end-of-treatment PET/CT have been reported to be
greater than 90%. Furthermore, the most recent Lugano criteria discourage surveillance
scans after remission [94]. A recent prospective study from 2014 studied the use of FDG-
PET/CT in patients with mediastinal large B-cell lymphoma after completion of standard
chemoimmunotherapy, but with subsequent consolidation radiotherapy permitted. Using
liver uptake as a threshold for a positive PET study post chemotherapy, PET was able to
discriminate between those with high and low risks of both progression free survival and
overall survival at five years [95].
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Like the lymphoma response criteria, there has been a similar evolution in the response
criteria of solid tumors. PET/CT was introduced in RECIST 1.1 and further developed in
PERCIST [5,96,97]. The use of PET/CT may be most beneficial in evaluating cytostatic
medications which may be effective, but not result in decreased tumor size. The use of such
medications suggests the need for new imaging endpoints in drug efficacy trials [98].

Conclusion

Ultimately, a successful molecular imaging biomarker should directly impact and guide
patient care, whether through selection of targeted therapy, identification of early treatment
response, or relating tumor response to survival. A few notable successes have truly
transformed patient case, but, as detailed above, many more nuclear probes show scientific
and clinical promise, but have not yet made it into the clinic.

Given the tremendous effort involved in translating a scientific idea from the laboratory into
the clinic, care in the design and reporting of clinical trails becomes imperative. To
“encourage transparent and complete reporting” of studies, the Reporting Recommendations
for Tumor Marker Prognostic Studies, the REMARK guidelines, were developed [99] and
have been widely accepted [100]. Among twenty specific recommendations for rigorous
reporting, the transparency of assay methods is specifically mentioned [99], a topic
particularly apropos to nuclear imaging as differences in technical factors may bias/impede
imaging data. The Quantitative Imaging Biomarkers Alliance (QIBA), formed in 2007 by
the Radiological Society of North America, brings together academia, government, and
industry to “improve the value and practicality of quantitative imaging biomarkers by
reducing variability across devices, patients and time” [101]. Among many projects, QIBA
releases technical profiles detailing quantitative results that may be achieved by adhering to
a protocol. Similarly, the Quantitative Imaging Network of the National Cancer Institute was
created with a goal of promoting research and developing quantitative imaging methods that
ultimately impact clinical decision making [102].

The ability of molecular imaging to transform oncology and patient care is just beginning to
be realized. Although FDG imaging currently dominates a clinical PET scanner, new
radiotracers are poised to make profound clinical impact. Such clinical tools will herald a
new era of targeted cancer therapy and precision medicine.
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FES-PET used to predict response to hormonal therapy in metastatic breast cancer patients.
Pretreatment FES-PET (FES; left) and FDG-PET (FDG; middle) scans and follow-up FDG-
PET post-therapy (FDG,; right) scan are shown. Bone metastasis with robust FES and FDG
uptake (A; top) demonstrates response at 3 months. Bone metastasis (solid arrow) without

FES uptake, but with FDG uptake (B; bottom), demonstrates progressive disease at 6

months. Dashed arrows show normal liver FES uptake. Rx, treatment. FDG images are
displayed on a consistent SUV scale for each patient pre- and post-therapy. FES is displayed
on a scale of 0-5. (Originally published by the American Society of Clinical Oncology

[33]).
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Fig. 2.

Ez?rly assessment of treatment response by FLT-PET. Fused FLT-PET/CT axial (upper) and
coronal (lower) images demonstrate increased FLT uptake in an upper outer quarter breast
tumor and axillary lymph node before therapy (left). After one cycle of neoadjuvant
chemotherapy, there is substantial reduction in the primary breast tumor FLT uptake
(middle) and resolution of FLT uptake after completion of neoadjuvant chemotherapy
(right). Patient had pathologic complete response confirmed at surgery. Arrows refer to
primary tumor site. This research was originally published in JNM, Ref 86. © by the Society
of Nuclear Medicine and Molecular Imaging, Inc.).

Cancer Lett. Author manuscript; available in PMC 2018 March 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pantel and Mankoff

Page 18

Fig. 3.

Cgmplete metabolic response to chemotherapy in a patient with Hodgkin lymphoma. Pre-
treatment fused FDG-PET/CT and FDG-PET images (A) show intense uptake in a large
mediastinal mass and axillary lymphadenopathy. Post-treatment scan (B) shows a residual
mediastinal mass, but without increased FDG uptake. Per the Lugano Classification, this
represents a complete metabolic response and is considered a complete remission. FDG-
uptake scale (SUV) is the same for both pre- and post-therapy images and is displayed on
the right.
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