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Abstract Advancing knowledge of non-small cell lung
cancer (NSCLC) has provided new treatment options based on
the specific gene alterations found in individual tumors. The
presence of activating mutations in the epidermal growth
factor receptor (EGFR) in NSCLC is strongly associated with
a high sensitivity to EGFR tyrosine kinase inhibitors (TKIs)
and is also a criterion used to identify candidates for first-line
therapy with these drugs among patients with advanced dis-
ease. However, acquired resistance to EGFR TKIs invariably
emerges over time due in part to secondary mutations in EGFR
or redundant lateral signaling. Molecular imaging, allowing
the visualization of cellular processes and their modulation by
both conventional anticancer drugs and molecularly targeted
agents, may be effectively used in NSCLC patients during
treatment with EGFR TKIs. In particular, positron emission
tomography with '*F-FDG and "®F-FLT has been performed
in both preclinical and clinical settings to distinguish treat-
ment-sensitive from treatment-resistant NSCLCs. Here we
provide a short overview of the mechanisms underlying sen-
sitivity and resistance of NSCLCs to EGFR TKIs and then
focus on the contribution that molecular imaging can make to
the development of tailored therapy in NSCLC patients.
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Introduction

Non-small cell lung cancer (NSCLC) is the leading cause
of cancer-related deaths in the world, showing only lim-
ited responsiveness to conventional anticancer agents. The
development of molecularly targeted agents and, in par-
ticular, of small-molecule inhibitors of the epidermal
growth factor receptor (EGFR) has provided alternative
strategies for treating this disease. However, in initial
clinical trials with first-generation EGFR tyrosine kinase
inhibitors (TKIs) such as gefitinib and erlotinib, only
10 % of unselected patients with NSCLC were found to
respond to treatment [1-4]. In the context of efforts to
understand the genetic alterations occurring in highly
responsive tumors, subsequent molecular studies identified
the presence of activating mutations in EGFR as a major
determinant underlying effective tumor response of
NSCLC to gefitinib and erlotinib [5-7]. These mutations
cause enhanced kinase activity and transformation capa-
bility of EGFR, with the result that NSCLC cells become
dependent on EGFR signaling for survival [8]. Therefore,
when mutant EGFR is blocked by gefitinib or erlotinib,
tumor cells undergo apoptosis in addition to growth arrest.
Clinical trials in patients with advanced EGFR-mutant
NSCLC treated with gefitinib or erlotinib showed that
approximately 75 % of patients achieved response and
this rate was much higher than that found in unselected
patients [9-13]. These clinical studies also showed that
EGFR TKIs were superior to chemotherapy as an initial
treatment for EGFR-mutant lung cancer, resulting in a
three- to fourfold improvement of progression-free and
overall survival rates. Furthermore, it should be noted that
clinical benefit from treatment with EGFR TKIs is not
limited to patients harboring EGFR mutations but may
also be observed in patients with EGFR amplification [14]
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and in subgroups of patients with undetectable EGFR
mutations [15].

Since approximately 25 % of patients with EGFR-
mutant tumors do not respond to therapy with EGFR TKIs
and not all patients with undetectable EGFR mutations are
refractory to therapy, it is clinically relevant to distinguish
between sensitive and resistant tumors early in the course
of treatment. Furthermore, considering that almost 90 % of
unselected patients are non-responders to EGFR TKIs and
virtually all EGFR-mutant NSCLC patients who initially
respond to therapy will subsequently develop resistance to
EGFR inhibitors, early detection of resistance to EGFR
TKIs may allow the timely adoption of alternative treat-
ment strategies in refractory patients.

Although drug sensitivity and resistance are two sides of
the same coin, they are governed by different mechanisms.
We here provide a short overview of the mechanisms
underlying sensitivity and resistance of NSCLC to EGFR
TKIs and then focus on the contribution that molecular
imaging can make to the non-invasive identification of
responding and refractory NSCLC patients.

Sensitivity of NSCLC to EGFR TKIs

EGFR belongs to a family of receptor tyrosine kinases that
also includes HER2, HER3 and HER4. EGFR exists as an
inactive monomer composed of an extracellular ligand-
binding domain, a transmembrane domain and an intra-
cellular tyrosine kinase domain. Upon binding to ligands
such as epidermal growth factor and transforming growth
factor-o, the receptor undergoes conformational changes
that allow homodimerization or heterodimerization with
other members of the same family [16]. Dimerization of
EGEFR is followed by autophosphorylation of key tyrosine
residues in the tyrosine kinase domain, recruitment of
several adapter proteins and initiation of the signaling
cascade through several pathways including the Ras/Raf/
MAPK, PI3K/AKT and signal transducers and activators of
transcription (STAT) pathways. These signaling events
ultimately control multiple cellular processes including
proliferation and survival. EGFR TKIs compete with ATP
for binding to the catalytic kinase domain of EGFR thus
inhibiting ligand-stimulated receptor autophosphorylation.

The majority of activating mutations in EGFR occur
within the tyrosine kinase domain [17]. The most common of
these are exon 19 deletions that eliminate four amino acids
from the tyrosine kinase domain and an exon 21 missense
mutation that substitutes arginine for leucine at position 858
(L858R). These mutations were found in 10 % of Caucasian
and 3040 % of Asian NSCLC patients and are associated
with an increased sensitivity to EGFR TKIs. They are more
frequent in patients with adenocarcinoma, never smokers,
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females and individuals of East Asian ethnicity, all clinical
characteristics previously reported to be present in good
responders to EGFR TKIs [14].

Exon 19 deletions and L858R substitutions are referred to
as “activating mutations” because they cause a ligand-
independent activation of EGFR tyrosine kinase activity, as a
result of which the receptor continuously transduces signals
inside the cell [18, 19]. As a consequence, downstream sig-
naling pathways are persistently activated and drive onco-
genesis and tumor progression. However, when EGFR-
mutant NSCLCs are exposed to EGFR inhibitors, signaling
through these pathways, being under the exclusive control of
EGFR, is suppressed. This will result in growth arrest and in
the activation of apoptosis through up-regulation of BIM, a
pro-apoptotic member of the Bcl-2 family [20].

The presence of activating mutations in EGFR is cur-
rently a criterion used to identify, among NSCLC patients,
candidates for first-line therapy with EGFR TKIs.

Primary resistance to EGFR TKIs

NSCLC patients who, since starting treatment, have never
achieved tumor response are considered to have primary
resistance to EGFR TKIs. This resistance may be due to
different molecular mechanisms (Fig. 1) [18]. The
expression of wild-type EGFR is usually associated with
primary resistance to EGFR TKIs. The wild-type receptor
shows much higher binding affinity for ATP than for gef-
itinib or erlotinib; therefore, inhibition of receptor auto-
phosphorylation can occur only at high concentrations of
the drug, not usually achievable in the plasma of treated
patients. More importantly, the expression of wild-type
EGFR is, in a considerable percentage of cases, accom-
panied by mutations in other genes such as KRAS and
BRAF. Activating mutations in KRAS are observed in
about 25 % of NSCLC cases and occur almost exclusively
in patients with EGFR wild-type tumors. Constitutive
activation of KRAS results in continuous transduction of
signals regulating proliferation, survival and motility inside
the cell independently of the activation status of EGFR.
Mutations in BRAF that encode for a downstream mediator
of EGFR signaling are found in 2-3 % in NSCLCs. BRAF
and KRAS mutations are mutually exclusive. The most
common mutation of BRAF is V600OE and NSCLC cell
lines bearing this mutation are resistant to EGFR inhibitors
but sensitive to MEK inhibitors [21].

Small insertions or duplications in exon 20 are associ-
ated with primary resistance to EGFR TKIs and occur in
about 5 % of NSCLC cases [18]. Although rare, they are
clinically relevant since most patients with tumors har-
boring exon 20 insertions show tumor progression despite
treatment with EGFR TKIs.
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Fig. 1 Primary resistance to EGFR TKIs in NSCLC. A schematic
representation of mechanisms underlying primary resistance of
NSCLC to EGFR TKiIs is shown. The expression of wild-type EGFR
is usually associated with primary resistance to EGFR TKIs due to the
higher affinity of the receptor for ATP rather than for gefitinib or
erlotinib. A considerable percentage of NSCLCs with wild-type
EGFR also harbor mutations in the KRAS or BRAF genes, as well as
an ALK rearrangement resulting in a persistent activation of EGFR

Almost 5 % of NSCLCs harbor translocations in the
anaplastic lymphoma kinase (ALK) gene which lead to
transcription of the fusion protein EML4-ALK which
comprises the amino-terminal half of echinoderm micro-
tubule-associated protein-like 4 and the intracellular cata-
lytic domain of ALK [22, 23]. The fusion transcript has
transforming ability and ALK rearrangement is currently
considered the second oncogenic driver in NSCLC after
activating EGFR mutations [24]. ALK translocations gen-
erally occur in tumors with wild-type EGFR and KRAS.
ALK fusion-positive lung tumors are resistant to treatment
with EGFR TKIs but sensitive to ALK inhibitors such as
crizotinib [25]. Despite the presence of activating muta-
tions, primary resistance to EGFR TKIs can occur due to
the presence of concurrent mutations causing gain or loss
of function of downstream mediators such as PI3K or
PTEN. Although rare, mutations of the catalytic subunit of
PI3K and loss of PTEN are both correlated with decreased
sensitivity to EGFR TKIs [26, 27].

Acquired resistance to EGFR TKIs

Acquired resistance to EGFR TKIs occurs in virtually all
EGFR-mutant NSCLC patients who initially respond to
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pathways Despite the presence of activating mutations in EGFR,
primary resistance to EGFR TKIs may be due to mutations in
catalytic subunits of PI3K or to PTEN loss, both of which keep EGFR
pathways persistently activated even in the presence of gefitinib and
erlotinib. Among the primary mutations occurring in the tyrosine
kinase domain of EGFR, exon 20 insertion confers resistance to
EGFR TKIs. All these genetic alterations finally result in enhanced
proliferation and survival (color figure online)

therapy. To date, two mechanisms of acquired resistance to
EGFR TKIs have been identified in patients with refractory
NSCLC (Fig. 2) [19]. Approximately 50 % of resistant
tumors harbor a secondary point mutation in the tyrosine
kinase domain of EGFR. The threonine-790 to methionine
(T790M) mutation confers resistance to EGFR TKIs. The
threonine residue is located near the kinase active site and
when it is substituted with a bulky methionine the binding
of gefitinib or erlotinib to the ATP pocket of EGFR can be
altered because of steric hindrance or a reduced binding
affinity [19]. The T790M mutation usually occurs in EGFR
with activating mutations under the selective pressure of
the drug. Therefore, most patients who become refractory
after an initial response harbor a double-mutant EGFR.
Multiple re-responses to EGFR TKIs after a short period of
drug discontinuation have been reported [28]. Serial
biopsies revealed that T790M mutation can be lost in the
absence of the continued selective pressure of EGFR TKIs
[29].

A second known mechanism of acquired resistance to
EGFR TKIs is MET oncogene amplification, which is
observed in up to 20 % of EGFR-mutant NSCLCs that
become resistant to gefitinib or erlotinib [19]. NSCLC cells
with MET amplification are able to maintain activation of
the PI3K/AKT pathway through HER3 phosphorylation
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Fig. 2 Acquired resistance to EGFR TKIs in NSCLCs. A schematic
representation of mechanisms underlying acquired resistance of
NSCLC to EGFR TKiIs is shown. Acquired resistance to EGFR TKIs
is mainly due to two mechanisms. Secondary EGFR mutation T790M
is found in 50 % of refractory patients who initially respond to EGFR
TKIs. The T790M mutation usually occurs in EGFR with activating
mutations under the selective pressure of the drug. The second known

despite the inhibition of EGFR by gefitinib or erlotinib.
MET is a receptor tyrosine kinase also known as the
hepatocyte growth factor (HGF)/scatter factor receptor
whose aberrant activation and expression occurs in many
types of cancer including NSCLC [30]. Binding of HGF to
MET causes receptor dimerization and autophosphoryla-
tion of tyrosine residues in the kinase domain, which leads
to activation of downstream signaling cascades regulating
multiple biological activities such as motility, proliferation,
survival and morphogenesis. A major role of sustained
MET activation in many types of cancer is to promote cell
invasiveness and metastatic spread. MET amplification in
NSCLC cells is reported to confer dependence on MET
signaling and redundant activation of HER3 for growth and
survival.

Reversal of resistance to EGFR TKIs
Overcoming primary resistance of NSCLC to EGFR TKIs

is challenging since it is due to multiple and often rare
genetic alterations. Molecular profiling of lung cancer
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mechanism of acquired resistance is MET amplification which keeps
EGFR pathways persistently activated even in the presence of
gefitinib and erlotinib. Several compounds (in blue boxes) have been
developed that are capable of overcoming T790M-mediated resis-
tance and MET-mediated resistance, thus effectively reducing
proliferation and survival (color figure online)

specimens to assay multiple genetic lesions at the same
time [31] may, therefore, be necessary to identify the pri-
mary cause of the resistance. Despite the fact that imple-
menting these technically demanding procedures in routine
clinical practice is difficult, ongoing clinical trials are
investigating alternative treatment strategies in subgroups
of NSCLC patients. For instance ALK-positive NSCLC
patients have been enrolled in several clinical trials testing
the activity of crizotinib, a potent ALK and MET inhibitor
[25]. Preliminary data showed that treatment with crizoti-
nib results in high response rates and improved progres-
sion-free survival as compared to standard chemotherapy
[25].

Considerable efforts are currently being made to over-
come acquired resistance to EGFR TKIs. NSCLCs that
become resistant to gefitinib or erlotinib due to secondary
T790M mutation remain dependent on EGFR signaling for
growth and survival. Therefore, the development of drugs
capable of inhibiting EGFR T790M may constitute an
alternative and effective therapeutic strategy in refractory
patients. Second- and third-generation EGFR inhibitors
were indeed developed in an attempt to overcome T790M-
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mediated resistance [18]. These compounds, like gefitinib
and erlotinib, compete with ATP for binding to the kinase
domain of EGFR but unlike first-generation agents their
binding to the receptor is covalent and irreversible. They
were reported to inhibit autophosphorylation of EGFR in
the presence of the T790M mutation and showed activity in
gefitinib-resistant preclinical models of NSCLC bearing
EGFR T790M [32, 33]. However, their clinical efficacy
remains to be established in currently ongoing clinical
trials. A major concern of early clinical studies has been
toxicity, since these compounds can irreversibly block
wild-type EGFR too. While most of the second-generation
EGFR TKIs recognize receptors bearing activating muta-
tions with a higher affinity than for the double-mutant
EGFR, a third-generation EGFR TKI, namely WZ4002,
selectively targets T790M-harboring receptors that can be
effectively inhibited at doses that will not affect wild-type
EGEFR thus limiting potential toxicity [34].

In order to overcome MET-mediated resistance to
EGFR TKIs, concomitant inhibition of both EGFR and
MET is required. Multiple agents have been developed to
target MET signaling and they are currently under clinical
investigation in different types of solid tumors [30]. Pro-
tein-based antagonists of HGF and MET disrupt the bind-
ing of HGF to MET and function outside the cells.
Conversely, small kinase inhibitors function inside the cell
and prevent receptor transactivation and downstream sig-
naling. They constitute the largest class of MET inhibitors
currently available and most of them compete with ATP for
binding to the kinase domain of MET. Some MET inhib-
itors are selective for the receptor whereas others have
multiple targets. Preclinical studies showed antitumor
activity and antiangiogenic activity of MET TKIs in sev-
eral models and many of these compounds are now in
various stages of clinical development.

Molecular imaging with '*F-FDG and '*F-FLT

Molecular imaging, allowing the visualization of cellular
processes and their modulation by both conventional anti-
cancer drugs and molecularly targeted agents, may be
effectively used in NSCLC patients during treatment with
EGFR TKIs. In particular, positron emission tomography
(PET) with '"®F-FDG and 'F-FLT has been employed in
both preclinical and clinical studies to test whether imaging
studies performed with these tracers were able to distin-
guish sensitive from resistant NSCLCs.

The rationale for using "®F-FLT rests on the fact that all
signaling pathways downstream of EGFR culminate in
proliferation and when they are blocked by targeted ther-
apy, proliferation is inhibited. Given that 'SF-FLT uptake
has been shown to be a sensitive and reliable marker of

proliferation in different tumor types including NSCLC
[35-37], changes in tracer uptake in response to EGFR TKI
treatment may reflect modulation of proliferation.

The uptake of '*F-FDG has been reported to be a reli-
able predictor of clinical outcome in several types of solid
and lymphoproliferative tumors [38—41]. The rationale for
using '®*F-FDG to test inhibition of EGFR pathways is less
direct than that supporting the use of 'SF-FLT, but never-
theless robust. In fact, one of the major determinants of the
glycolytic phenotype of cancer cells is the PI3K/AKT
pathway which is persistently activated by aberrant EGFR
signaling. Furthermore, downstream effector AKT phos-
phorylates key glycolytic enzymes such as hexokinase and
phosphofructokinase 2 and increases the expression and
membrane translocation of glucose transporters [42].
Therefore, EGFR TKIs, by inhibiting pathways down-
stream of EGFR, including PI3K/AKT, promptly down-
regulate glycolysis and uptake of '®F-FDG. In addition, as
a late effect, EGFR TKIs cause a reduction of cell viability
and glucose uptake by inducing apoptosis in tumor cells.

In this section we will focus on the use of these tracers
to identify sensitivity and resistance of NSCLC to EGFR
TKIs through monitoring of treatment with these drugs.

In gefitinib-sensitive NSCLC cells, EGFR inhibition
resulted in a rapid reduction in 'SF-FDG uptake that cor-
related with AKT inhibition and preceded any measurable
changes in S phase fraction, thymidine uptake, and annexin
V binding [43]. No significant change in '"*F-FDG uptake
was observed in gefitinib-resistant NSCLC cells, regardless
of treatment time or dose. Similarly, 'F-FDG uptake
decreased by at least 40 % in mice bearing sensitive tumors
after only 2 days of treatment, at which time there was no
measurable change in tumor size. By contrast no significant
decrease in '®F-FDG uptake was observed in mice bearing
resistant tumors.

Sunaga et al. [44] evaluated five patients with advanced
NSCLC and known EGFR mutational status. They under-
went '*F-FDG PET before, 2 days after and 4 weeks after
gefitinib treatment and tumor response was evaluated using
the Response Evaluation Criteria In Solid Tumors (RE-
CIST) after 4 weeks. In patients with partial response or
stable disease, '*F-FDG uptake decreased by 61 + 18 and
59 £ 12 %, respectively, at 2 days and by 26 + 6 and
43 £ 10 % at 4 weeks after the start of therapy. By con-
trast, increased 'SF-FDG uptake was observed in a patient
with progression both on the early (153 £ 21 %) and the
late scan (232 & 73 %).

In a multicenter study, previously untreated patients
with operable NSCLC received neoadjuvant treatment with
erlotinib and underwent '®F-FDG PET/CT at baseline and
7 days after the initiation of treatment [45]. The European
Organisation for Research and Treatment of Cancer (EO-
RTC) criteria were used to assess metabolic tumor
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Fig. 3 Coronal fusion images of small-animal PET/CT studies
performed with "E-FLT in nude mice with T790M mutation-
harboring NSCLCs. The studies were performed before (left) and
after (right) treatment with erlotinib and irreversible inhibitors such as
CL-387,785 and WZ4002 capable of overcoming T790M-mediated
resistance. A dose-dependent reduction in BE_FLT uptake was
observed in tumor after treatment with CL-387,785 and WZ4002,
whereas erlotinib was ineffective in the same animals. The color scale
on the right shows that the same threshold values of SUV were
applied to pretreatment and postreatment PET images. (This research
was originally published in JNM. Zannetti A, Iommelli F, Speranza
A, Salvatore M, Del Vecchio S.3'-deoxy-3'-'8F-fluorothymidine PET/
CT to guide therapy with epidermal growth factor receptor antago-
nists and Bcl-xL inhibitors in non-small cell lung cancer. J Nucl Med
2012 Mar; 53(3):443-50, by the Society of Nuclear Medicine and
Molecular Imaging, Inc.) (color figure online)
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response: six patients showed a partial response, 16
patients had stable disease, and one patient had progressive
disease. Pathologic response was determined in surgically
resected tumors and the median percentage of necrosis was
70 % in patients showing more than 25 % reduction in '*F-
FDG uptake after 1 week of treatment, whereas it was
40 % in the metabolic non-responders (stable disease and
progression). Interestingly, of ten patients with unchanged
or increased '®F-FDG uptake after 1 week of treatment,
only one patient showed a pathologic response with more
than 50 % necrosis in tumor specimen, indicating that
persistently high 'F-FDG uptake after therapy is consis-
tently associated with impaired tumor response.

Ullrich et al. [46] reported a prompt reduction in '*F-
FLT uptake in sensitive xenografts and persistently
enhanced tracer uptake in resistant tumors after 2—4 days
of erlotinib treatment. In another study nude mice bearing
sensitive and resistant NSCLC xenografts were studied
with "®F-FLT before and 2 days after treatment with erl-
otinib. Sensitive tumors showed a mean decrease in '°F-
FLT uptake of 45 %, whereas resistant tumors bearing a
T790M mutation showed a mean increase in '°F-FLT
uptake of 27 %. More importantly, treatment of resistant
animals with CL-387,785 and WZ4002, two irreversible
EGFR TKIs, caused mean decreases in tracer uptake of 21
and 36 %, respectively, indicating reversal of T790M-
mediated resistance (Fig. 3) [47].

Sohn et al. [48] evaluated 28 patients with recurrent
adenocarcinoma of the lung before and 7 days after the
start of gefitinib treatment with 8 FLT PET; tumor
response was subsequently evaluated by chest CT scan at
6 weeks of therapy. These authors found that percent
changes in 'F-FLT uptake at 7 days were significantly
different in responders (—36.0 £ 15.4 %) compared with
non-responders (10.1 £ 19.5 %), whereas the pretreatment
maximum standardized uptake value (SUVmax) of the
tumors did not differ in the two groups of patients. Fur-
thermore, the time to progression was significantly longer
in "®F-FLT PET responders versus non-responders.

In a prospective trial, conducted with the aim of iden-
tifying predictors of non-progression following erlotinib
treatment, 34 unselected patients with untreated advanced
NSCLC underwent '*F-FDG PET and '"*F-FLT PET [49].
EGFR mutational status was determined in 28 of the 34
patients. Changes in '®F-FDG and 'SF-FLT uptake after
one and 6 weeks of erlotinib treatment were compared with
non-progression measured by CT at 6 weeks. Four patients
had a partial response (PR), seven stable disease (SD) and
23 progression, according to RECIST. A reduction of at
least 30 % in '®F-FDG uptake after 1 week of therapy was
observed in eight patients and found to predict non-pro-
gression (PR + SD) after 6 weeks of therapy (p = 0.02),
whereas early BEFLT response (>30 % reduction) was
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found in six patients and was not predictive of non-pro-
gression (p = 0.39). Furthermore, patients with early 'F-
FDG response had significantly longer progression-free
survival (p = 0.002) and overall survival (p = 0.04),
whereas early 'SF-FLT response predicted significantly
longer progression-free survival (p = 0.04) but not overall
survival. Activating EGFR mutations were found in four
patients, three of whom had PR and one SD. These patients
showed a significant reduction in early "*F-FDG uptake,
whereas 'SF-FLT uptake was reduced in three cases.
Interestingly, almost half of the patients with an early '®F-
FDG response did not have detectable EGFR mutations but
nevertheless had prolonged progression-free survival,
indicating that '"®F-FDG PET can identify, also, a subgroup
of patients that may benefit from erlotinib treatment inde-
pendently of EGFR mutational status. Imaging data from
the same trial were analyzed using different methods to
define SUV and volume of interest [50]. Patients with
metabolic response on early '®F-FDG PET and '|F-FLT
PET had a significantly prolonged progression-free interval
regardless of the method used for SUV calculation. Fur-
thermore, metabolically active volume measured either on
early '"®F-FLT scan or on late '"®F-FDG scan was strongly
associated with progression-free survival. In a retrospective
analysis of data from the same study, absolute early and
late residual '®F-FDG uptake, measured with different
quantitative parameters, was also associated with non-
progression at 6 weeks [51]. By contrast, early and late
residual '®F-FLT uptake was not associated with short-term
outcome. Furthermore, low residual 18E_FDG and '®*F-FLT
uptake early or late in treatment was associated with
improved progression-free survival.

In a multicenter trial '"*F-FDG PET and '’F-FLT PET
responses were evaluated in second/third line NSCLC
patients treated with erlotinib [52]. Baseline PET scans
with both tracers were performed on separate days, and
were repeated at day 14 and day 56 after the start of
treatment in 51 patients. Tumor response was determined
by CT performed at day 56 and four patients (8 %) showed
partial response according to RECIST. PET partial meta-
bolic response (PMR) was defined using EORTC criteria as
a mean decrease in SUVmax (in <5 lesions/patient) of at
least 15 %. At day 14 and day 56, PMR with '"®F-FDG was
found in 26 % and 16 % of patients, respectively, whereas
PMR with "®F-FLT was found in 18 and 16 % of patients.
Of the four patients with CT partial response, all showed
PMR on both early and late BE_FDG scans, whereas three
showed PMR on early '"®F-FLT scan and two on late '®F-
FLT scan. The percentage of patients showing PMR on
early "®F-FDG and '®F-FLT scans was higher than that
found on late scanning with the two tracers. PMR at day 14
and at day 56, determined with "E_FDG and 18F-FLT, was
significantly associated with improved progression-free

survival (p < 0.02), whereas only 1E_FDG PMR at day 14
was significantly associated with improved overall survival
(p = 0.03) even in the absence of subsequent RECIST
response. Tumor tissues for mutational analysis were
available in 35 patients and four had activating EGFR
mutations, whereas seven had KRAS mutations. Three out
of four EGFR-mutant tumors showed PMR on early 'SF-
FDG scan whereas EGFR wild-type tumors showed PMR
only in six out of 31 patients. Early reduction of '*F-FDG
uptake in EGFR-mutant tumors was higher (median 55 %)
than that found in metabolic responding EGFR wild-type
tumors (median 19.9 %). Tumors with KRAS mutations
showed '"®F-FDG PMR in one case at day 14 and in three
patients at day 56.

The results of the '®F-FDG PET studies performed in
this multicenter trial and in a second multicenter study
were then grouped and analyzed to assess the predictive
value of '"®F-FDG PET, clinical parameters and EGFR
mutational status for survival duration by fitting acceler-
ated failure time models [53]. Imaging data obtained at
baseline and after 2 weeks of treatment with erlotinib were
collected from a total of 125 NSCLC patients. The vari-
ables included in the model were performance status, sum
of SUVmax of target lesions or total number of target
lesions at baseline, percentage change in SUVmax at
2 weeks, appearance of new lesions at 2 weeks, and EGFR
mutational status. New lesions on PET at 2 weeks, EGFR
mutational status, performance status and baseline meta-
bolic tumor burden were found to be independent and
significant predictors of overall survival. Furthermore, a
large (at least 35 %) reduction in SUVmax was strongly
linked to EGFR mutational status and was predictive of
survival only when EGFR mutational status was not
considered.

In a prospective study 22 unselected patients with
advanced NSCLC were evaluated by '®F-FDG PET/CT at
baseline and after 2 weeks of therapy with erlotinib [54].
On the basis of PERCIST, metabolic response was defined
as complete, partial (>30 % reduction in BE_FDG uptake),
progressive metabolic disease (>30 % increase in '*F-FDG
uptake in a measurable target lesion or new lesions) or
stable disease (not complete or partial metabolic response,
no progression). Patients with progressive metabolic dis-
ease on early follow-up PET showed a significantly shorter
time to progression (47 vs. 119 days, p < 0.001) and
overall survival (87 vs. 828 days, p = 0.01) than patients
classified as having stable metabolic disease or partial or
complete metabolic response.

In another study 20 patients with lung adenocarcinoma
were evaluated with '"®F-FDG PET/CT before and 2 days
after the start of gefitinib treatment [55]. Metabolic
response was evaluated using the European Organization
for Research and Treatment of Cancer (EORTC) criteria
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and compared with morphological response evaluated by
CT scan at 1 month post-treatment. After 2 days of gefi-
tinib treatment, ten patients showed partial metabolic
response, eight had stable metabolic disease, and two
patients had metabolic progression. The percentage change
in SUVmax at 2 days was significantly correlated with
morphovolumetric reduction of tumors on CT scan at
1 month. EGFR mutational status was evaluated in 15
patients and of 12 patients with activating mutations, eight
showed a metabolic response at 2 days and six showed a
morphovolumetric response at 1 month. No metabolic or
morphological response was observed in three patients with
wild-type EGFR.

In a recent study, Scheffler et al. [56] reported the case
of a patient with EGFR-mutant NSCLC treated sequen-
tially with erlotinib and with an irreversible EGFR TKI and
monitored by serial "®F-FLT PET studies. After an initial
response to erlotinib that was associated with a reduction in
BE_FLT uptake in tumor lesions and confirmed by CT, the
patient showed clinical progression. '*F-FLT PET showed
an increase in tracer uptake in tumor lesions, suggesting the
development of resistance. The patient was then treated
with afatinib and showed an improvement of clinical
symptoms and a reduction in '®F-FLT uptake in targeted
lesions. Unfortunately the response to afatinib was not
durable and the treatment was discontinued.

Molecular imaging with other tracers

Besides '®F-FDG and '®F-FLT several radiolabeled agents
have been developed for the non-invasive detection of
EGFR expression, including antibodies, affibodies and
small organic reversible and irreversible inhibitors [57]. An
extensive review of these tracers is beyond the scope of the
present article and we here limit ourselves to mentioning a
few studies with tracers that proved able to distinguish
EGFR TKI-sensitive from EGFR TKI-resistant tumors.
Yeh et al. [58] developed '*F-PEG6-IPQA, a radiotracer
with increased selectivity and irreversible binding to the
active mutant L858R EGFR kinase. PET studies in animal
models showed that '*F-PEG6-IPQA is able to distinguish
NSCLC xenografts bearing mutant L858R EGFR from
those expressing wild-type EGFR. Furthermore, the
expression of double-mutant L858R/T790M EGFR pre-
vented the binding of '"®F-PEG6-IPQA to the receptor both
in vitro and in vivo.

The uptake and tumor kinetics of ''C-erlotinib were
evaluated in ten patients with NSCLC, five with an EGFR
exon 19 deletion and five without, using pharmacokinetic
modeling and arterial blood sampling [59]. Patients with
activating EGFR mutations showed higher ''C-erlotinib
uptake than those without mutant EGFR.

@ Springer

Twenty-one patients with advanced NSCLC were stud-
ied with ''C-PD153035 and PET/CT at baseline, at
1-2 weeks and at 6 weeks after the start of therapy with
erlotinib [60]. Uptake of ''C-PD153035 on the baseline
scan significantly correlated with progression-free and
overall survival. Patients with a higher SUVmax survived
longer than those with a lower SUVmax. Uptake of ''C-
PD153035 on follow-up scans was less predictive of
outcome.

Conclusions

In conclusion, many studies indicate that '*F-FDG may
identify, early in the course of treatment, NSCLC patients
who may or may not benefit from treatment with EGFR
TKIs. Although "®F-FLT has been shown to detect effec-
tive EGFR inhibition and reversal of EGFR TKI resistance
in animal models, it was less efficient than '®F-FDG in
predicting clinical outcome in NSCLC patients undergoing
EGFR TKI treatment. There may be several reasons for
this, including the lower tumor uptake of BE_FLT, as
compared to "®F-FDG and the use of metabolic tumor
response criteria that were designed essentially for '°F-
FDG studies. Furthermore, early reduction in BE_FLT
uptake in response to EGFR TKIs indicates growth arrest
of tumor cells that is not necessarily associated with a
concomitant induction of apoptosis. Conversely, the
reduction in '8F-FDG uptake after treatment may reflect
both inhibition of EGFR signaling and reduced cell via-
bility. Therefore, '*F-FDG should be preferred to '*F-FLT
for monitoring therapy with EGFR TKIs in NSCLC
patients, even in those with unknown EGFR mutational
status.

Due to the low rate of tumor response to EGFR TKIs in
an unselected population of NSCLC patients and to the fact
that EGFR-mutant NSCLC patients may also become
refractory to treatment, the early detection of resistance is
as important as the early identification of sensitivity. The
existence of different therapeutic options and the avail-
ability of compounds that can be used to overcome
acquired resistance to EGFR TKIs certainly open the way
for designing rational strategies for the treatment of
refractory patients. Although further clinical studies are
needed, it is conceivable that '"®F-FLT may be preferable to
"E_EDG for detecting reversal of EGFR TKI resistance
because changes in '®F-FDG uptake in response to reversal
agents may be uncoupled from changes in proliferation.

Although genetic profiling and mutational analysis are
not fully integrated into daily oncology practice, it is to be
hoped that newly diagnosed patients will be assigned to
specific first-line therapy on the basis of molecular altera-
tions found in tumor samples and then eventually
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monitored by functional imaging. NSCLC patients who
initially respond to EGFR TKIs and then show disease
progression may potentially benefit from treatment with
irreversible EGFR TKIs or MET inhibitors. In such cases,
the mechanism of resistance in each refractory patient
should be identified. However, the biological detection of
mechanisms of resistance in tumor samples is challenging
for several reasons. Repeated biopsies are not usually
performed in NSCLC patients whose tumors develop
resistance. The methods currently available for the bio-
logical detection of T790M mutation and MET amplifica-
tion are challenging and not sensitive enough. Furthermore,
the two mechanisms of resistance are not mutually exclu-
sive and may coexist in the same tumor or at different
tumor sites. In this context, molecular imaging may pro-
vide tools for identifying refractory patients and for mon-
itoring the effects of agents capable of overcoming EGFR
TKI resistance in selected patients.
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